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I n  t h e  w o r k  t h a t  i s  d e s c r i b e d  i n  t h i s  t h e s i s  w e  s t u d i e d  a  n e w  c a s t  i r o n  b a s e d  c o m p o s i t e  
m a t e r i a l  t h a t  w a s  p r o d u c e d  b y  a  d o u b l e  c a s t i n g  t e c h n i q u e  u s i n g  s e d i m e n t a t i o n  s a n d  
c a s t i n g .  T h e  m a t e r i a l  i s  b a s e d  o n  t h e  h i g h  C r  w h i t e  c a s t  i r o n s  ( W C I )  1 5 ,  2 0  %  C r - M o -  
L C  a n d  2 5  %  C r  m a t r i x e s ,  a c c o r d i n g  t o  A S T M  A 5 3 2 - 7 5 a  a n d  w a s  d e s i g n e d  t o  e x c e e d  
t h e  w e a r  l i f e  o f  w e a r  r e s i s t a n t  m a t e r i a l s  t h a t  a r e  u s e d  i n  c e m e n t ,  m i n i n g ,  c o a l  
e x t r a c t i o n  a n d  c h e m i c a l  a n d  p r o c e s s  i n d u s t r i e s  c u r r e n t l y .
T h e  w o r k i n g  r e g i o n  o f  t h e  m a t e r i a l  e x t e n d s  t o  a  d e p t h  o f  5 - 8  m m  b e l o w  t h e  
s u r f a c e  a n d  i s  a n  i n  s i t u  a n d  e x  s i t u  p a r t i c l e  r e i n f o r c e d  c o m p o s i t e .  W C  p a r t i c l e s  o f  
d i f f e r e n t  s i z e s  ( 1 - 3  a n d  3 - 5  m m )  w e r e  s e l e c t e d  a s  t h e  e x  s i t u  r e i n f o r c e m e n t s .  T h u s ,  t h e  
c o m p o s i t e  c o n s i s t e d  o f  a  W C I  m a t r i x ,  w h i c h  w a s  r e i n f o r c e d  w i t h  W C  a n d  o t h e r  
t r a n s i t i o n  m e t a l  c a r b i d e  p a r t i c l e s .
A  s a n d  c a s t i n g  m e t h o d  w a s  d e v e l o p e d  d u r i n g  w h i c h  t h e  W C  p a r t i c l e s  w e r e  
d i r e c t e d  t o  a  s p e c i f i c  l o c a t i o n  i n  t h e  i n g o t  a n d  w e r e  d i s t r i b u t e d  u n i f o r m l y  i n  t h e  n e a r  
s u r f a c e  a r e a  o f  t h e  c o m p o s i t e  ( t h e  w o r k i n g  r e g i o n  o f  t h e  m a t e r i a l )  d u r i n g  
c a s t i n g / s o l i d i f i c a t i o n  o f  t h e  i n g o t .  T h i s  e n s u r e d  c h e m i c a l  b o n d i n g  b e t w e e n  t h e  h i g h  C r  
W C I  a n d  t h e  p a r t i c l e  r e i n f o r c e d  c o m p o s i t e  ( t h e  w o r k i n g  r e g i o n )  a t  a  w e l l  d e f i n e d  
i n t e r f a c e  p a r a l l e l  t o  t h e  w o r k i n g  s u r f a c e .  S o l i d i f i c a t i o n  o f  t h e  m e l t  s t a l l e d  f r o m  t h e  
W C  p a r t i c l e s  a r o u n d  w h i c h  t h r e e  r e a c t i o n  z o n e s  w e r e  f o r m e d .  O w i n g  t o  p a r t i a l  
d i s s o l u t i o n  o f  t h e  W C  p a r t i c l e s  a n d  t h e  r e s u l t i n g  i n t e r d i f f u s i o n  o f  e l e m e n t s  s u c h  a s  W ,  
C o ,  F e ,  C  a n d  C r ,  c a r b i d e s  c o n t a i n i n g  F e ,  C r ,  W  a n d  C o  w e r e  f o r m e d  i n  t h e  r e a c t i o n  
z o n e s .
I t  i s  s h o w n  t h a t  c u r r e n t  m o d e l s  f o r  t h e  i n t e r a c t i o n  b e t w e e n  a  r e i n f o r c i n g  
p a r t i c l e  a n d  a n  a d v a n c i n g  S / L  i n t e r f a c e  i n  l i q u i d  r o u f e  M M C s  c a n n o t  d e s c r i b e  t h e  
p r e s e n t  c a s e  s u c c e s s f u l l y  b e c a u s e  t h e  s o l i d i f i c a t i o n  o f  t h e  m e l t  s t a r t s  a r o u n d  t h e  W C  
p a r t i c l e s  a f t e r  t h e  l a t t e r  h a v e  s e t t l e d  i n  t h e  n e a r  s u r f a c e  r e g i o n  o f  t h e  c a s t i n g .  T w o  n e w  
a p p r o a c h e s  h a v e  b e e n  s t u d i e d ;  i n  t h e  f i r s t  t h e  W C  p a r t i c l e s  t r a v e l  t h r o u g h  t h e  i r o n  
m e l t  a n d  s e t t l e  a t  t h e  b o t t o m  o f  t h e  m o u l d  a n d  i n  t h e  s e c o n d  W C  p a r t i c l e s  s e t t l e d  a t  
t h e  b o t t o m  o f  t h e  m o u l d  e x p e r i e n c e  t h e  f o r c e s  o f  t h e  l i q u i d  f l o w .
T h e  s o l i d i f i c a t i o n  p a t h s  o f  t h e  t h r e e  W C I  m a t r i x e s  a n d  M M C s  h a v e  b e e n  
s i m u l a t e d  w i t h  t h e  S c h e i l - G u l l i v e r  m o d e l  u s i n g  t h e  T h e r m o - C a l c  s o f t w a r e  f o r  
d i f f e r e n t  i r o n  b a s e d  a l l o y  s y s t e m s ,  b y  c h a n g i n g  t h e  W ,  C r  a n d  C  c o n c e n t r a t i o n s .  I n  t h e  
W C I ,  c a r b i d e s  s o l i d i f y  a f t e r  t h e  a u s t e n i t e .  T h e  i n c r e a s e  i n  C r  f r o m  1 4  t o  2 5  w t .  % ,  f o r  
f i x e d  C  ( a t  2 ,  2 . 5  o r  3  w t .  % ) ,  c a u s e s  t h e  s t a b i l i z a t i o n  o f  p h a s e s  a c c o r d i n g  t o  c e m e n t i t e  
—> M 7 C 3 —> F C C  ( s t a b l e ) .  O n l y  f o r  C r  u p  t o  3 0  w t .  %  a n d  C  u p  t o  2 .5  w t .  %  t h e  
c e m e n t i t e  i s  r e p l a c e d  b y  t h e  B C C  p h a s e .  T h e  i n c r e a s e  i n  C  c o n t e n t  f r o m  2  t o  3  w t .  %  
f o r  f i x e d  C r  ( a t  1 4 ,  2 0  o r  2 5  w t .  % )  h a s  t h e  s a m e  e f f e c t .  I n  t h e  M M C ,  t h e  i n c r e a s e  i n  
W  f r o m  1 5  t o  2 5  w t .  %  c a u s e s  t h e  s t a b i l i z a t i o n  o f  M 6C . A s  t h e  C  i n c r e a s e s  f r o m  2 .5  t o  
6  w t .  % ,  f i r s t  t h e  M 7C 3 i s  s t a b i l i s e d  a n d  f o r  C  >  4  w t .  %  t h e  M C  p h a s e  i s  f a v o u r e d .  
T h e  i n c r e a s e  i n  C r  l e a d s  i n  t h e  f o r m a t i o n  o f  t h e  M 2 3C 6 w h i l e  s i m u l t a n e o u s  i n c r e a s e  i n  
C r  a n d  C  p r o m o t e s  t h e  M 7C 3 p h a s e  a n d  r e s t r a i n s  t h e  f o r m a t i o n  o f  t h e  M ^ C  t h a t  
r e s u l t e d  f r o m  t h e  i n c r e a s e  o f  W .  F i n a l l y  t h e  s i m u l t a n e o u s  i n c r e a s e  o f  C ,  W  a n d  C r  
s t a b i l i z e  t h e  M C  p h a s e  f o r  >  4  w t .  %  C .
T h e  w e a r  o f  t h e  n e w  m a t e r i a l s  w a s  e v a l u a t e d  b o t h  i n  a n  i n d u s t r i a l  s c a l e  a n d  i n  
t h e  l a b o r a t o r y  ( p i n - o n - d i s c ) .  S e g m e n t s  o f  a n  i n d u s t r i a l  p u l v e r i s i n g  a s h  m i l l  u s e d  i n  t h e  
c e m e n t  i n d u s t r y  w e r e  m a n u f a c t u r e d  u s i n g  t h e  c a s t i n g  m e t h o d  a n d  m a t e r i a l s  d e v e l o p e d  
i n  t h i s  t h e s i s .  T h e  r e s u l t s  s h o w e d  a n  i m p r o v e m e n t  i n  t h e  w e a r  l i f e  o f  t h e  c o m p o n e n t  o f  
s e v e r a l  t i m e s  c o m p a r e d  t o  t h e  s t a n d a r d  h i g h  C r  W C I  m a t e r i a l  u s e d  b y  t h e  s a m e  
i n d u s t r y  t o  d a t e .
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CHAPTER 1 INTRODUCTION
Chapter 1
I n t r o d u c t i o n
About 72 % of the electric power production in Greece is achieved via combustion of 
lignite (brown coal). Lignite consists mainly of » 26 % Si02 and » 35-50 % CaCC>3 
and is used as follows for the production of electric power. At first, the lignite enters 
into a pulveriser mill where it is comminuted and subsequently blown into large 
boilers for power generation. The mill has a large wheel containing 24 beater plates, 
which project the incoming lignite against the stationary mill armor bars that line the 
inside of the mill housing (Fig. 1.1).
HIGH CHROMIUM WHITE CAST IRON 
STEEL SUBSTRATE 
-COAL ENTERS AT CENTRE OF WHEEL
BEATER PLATE CARRIER WHEEL"
BEATER PLATE-
MILL LINING-
Figure 1.1 -  Schematic diagram of a pulveriser mill [Arnold et al., 1997]
The wheel, which has a diameter of 3.7 m, rotates at 450-520 rpm. This rotation 
subjects each beater plate to a centrifugal force of 932 kN (~ 95 t). The incoming 
lignite is blown axially into the mill and is heated in air to 700-900°C. This results to 
a rise of the plate temperature up to 350°C.
CHAPTER 1 INTRODUCTION
A c c o r d i n g  t o  t h e  a b o v e  c o n d i t i o n s  t h e  s p e c i f i c a t i o n s  f o r  t h e  b e a t e r  p l a t e s  i n c l u d e  h i g h  
w e a r - a b r a s i o n  r e s i s t a n c e  a n d  t o u g h n e s s ,  s i n c e  t h e s e  p a r a m e t e r s  d e t e r m i n e  t h e  s e r v i c e  
l i f e  o f  t h e  c o m p o n e n t  a n d  t h e  s a f e  o p e r a t i o n  o f  t h e  m i l l .
T h e  c u r r e n t l y  u s e d  b e a t e r  p l a t e s  a r e  a s  c a s t  i n g o t s  o f  d i f f e r e n t  k i n d s  o f  a u s t e n i t i c  
m a n g a n e s e  s t e e l s ,  w h i c h  a l t h o u g h  e x t r e m e l y  t o u g h  a r e  n o t  i d e a l l y  s u i t e d  t o  r e s i s t  t h e  
w e a r  c o n d i t i o n s  o c c u r r i n g  d u r i n g  t h e  p u l v e r i z a t i o n  o f  l i g n i t e .  U n t i l  t h e  l a t e  8 0 ’ s ,  
a u s t e n i t i c  m a n g a n e s e  s t e e l  w i t h  1 2  %  M n  +  2 - 4  %  N i  ( w t .  % )  w a s  u s e d  [ T z a n i d a l d s ,  
2 0 0 2 ,  B o r i k  a n d  S c h o l z ,  1 9 7 1 ,  M e t a l s  H a n d b o o k ,  1 9 8 0 b ,  H a l l ,  1 9 6 6 ] .  T h e  p r e s e n c e  o f  
N i  h a s  b e e n  c o n s i d e r e d  n e c e s s a r y  s i n c e  t h e  t e m p e r a t u r e  i n  t h e  m i l l  a p p r o a c h e s  3 5 0 ° C ,  
b u t  w h e n  t h e  m i l l  i s  o p e r a t e d  b a d l y ,  l e s s  l i g n i t e  e n t e r s  t h e  m i l l  a n d  t h e  t e m p e r a t u r e  
c a n  r i s e  u p  t o  7 5 0 ° C .  A t  t h e  b e g i n n i n g  o f  t h e  9 0 ’ s ,  a u s t e n i t i c  m a n g a n e s e  s t e e l  w i t h  1 2  
%  M n  +  2  %  M o  w a s  u s e d  [ T z a n i d a l d s ,  2 0 0 2 ,  M e t a l s  H a n d b o o k ,  1 9 8 0 b ,  B o r i k  a n d  
S c h o l z ,  1 9 7 1 ,  H a l l ,  1 9 6 6 ]  w h e r e  t h e  M o  r e p l a c e d  t h e  N i .  T h e  m e c h a n i c a l  p r o p e r t i e s  o f  
t h e  t w o  s t e e l s  a r e  t h e  s a m e  b u t  t h e  w e a r  r e s i s t a n c e  o f  t h e  M o  c o n t a i n i n g  s t e e l  i s  m u c h  
b e t t e r  b e c a u s e  o f  t h e  f o r m a t i o n  o f  M o  c a r b i d e s .  A n  i n c r e a s e  i n  s e r v i c e  l i f e  o f  a b o u t  2 0  
%  h a s  b e e n  o b s e r v e d .
I n  1 9 9 8 ,  n e w  b e a t e r  p l a t e s  c a m e  i n t o  u s e .  T h e s e  w e r e  m a n u f a c t u r e d  b y  a  d u a l  c a s t i n g  
m e t h o d  [ I C a m b a k a s ,  2 0 0 2 b ,  D i p l a s  e t  a l . ,  2 0 0 2 ] .  T h i s  m e t h o d  i s  a  c o n v e r s i o n  o f  t h e  
o r i g i n a l  w o r k  o f  S a r e  e t  a l .  [ 1 9 8 7 ]  t h a t  w a s  r e v i e w e d  b y  A r n o l d  e t  a l .  [ 1 9 9 7 ]  i n  t h e  
s t u d y  o f  w e a r  r e s i s t a n t  m a t e r i a l s  f o r  K S G  c o a l  p u l v e r i s e r  m i l l s .  T h e  p l a t e s  c o n s i s t  o f  
t w o  p a r t s  b o n d e d  w i t h  a  c h e m i c a l  b o n d ,  t h e  n a t u r e  o f  w h i c h  i s  s t i l l  n o t  w e l l  k n o w n  
[ A r n o l d  e t  a l . ,  1 9 9 7 ] .  T h e  l o w e r  p a r t  i s  a  s t e e l  w i t h  C  <  0 . 2  w t .  % ,  w h i l e  t h e  u p p e r  
p a r t ,  w h i c h  p e r f o r m s  a s  t h e  w o r k i n g  s u r f a c e ,  i s  a  h i g h  c h r o m i u m  w h i t e  c a s t  i r o n  w i t h  
C r  =  2 0  % ,  M o  =  2  % ,  C u  =  1 %  a n d  C  =  2 .5  %  ( w t .  % ) ,  a s  i t  h a d  b e e n  r e c o m m e n d e d  
b y  F a i r h u r s t  [ 1 9 7 1 ] .  A f t e r  h e a t  t r e a t m e n t  t h e  u p p e r  p a r t  h a s  a  m a r t e n s i t i c  s t r u c t u r e  
w i t h  i n i t i a l  ( r e t a i n e d )  a u s t e n i t e  =  5  %  a n d  h a r d n e s s  u p  t o  6 0  H R c .  T h e  h a r d  l a y e r  h a s  a  
t h i c k n e s s  o f  2 0  m m  w h i l s t  t h e  w h o l e  p l a t e  i s  9 0  m m  t h i c k .  T h e  s e r v i c e  l i f e  h a s  
i n c r e a s e d  f r o m  t h e  1 1 0 0  h ,  a c h i e v e d  w i t h  a u s t e n i t i c  m a n g a n e s e  s t e e l  w i t h  M o ,  t o  3 5 0 0  
h ,  a  s p e c t a c u l a r  i n c r e a s e  o f  m o r e  t h a n  3  t i m e s .
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CH APTER 1 INTRODUCTION
T h e  r e s e a r c h  p r e s e n t e d  i n  t h i s  P h D  t h e s i s  i s  f o c u s e d  o n  c a s t i n g  P a r t i c l e - R e i n f o r c e d  
M e t a l  M a t r i x  C o m p o s i t e  ( P R M M C )  c o m p o n e n t s  b a s e d  o n  h i g h  C r  w h i t e  c a s t  i r o n .  I n  
a  P R M M C  w h e r e  t h e  m a t r i x  a n d  t h e  r e i n f o r c i n g  p a r t i c l e s  i n t e r a c t ,  i t  i s  i m p o r t a n t  t o  
s t u d y  t h e  i n t e r a c t i o n  o f  t h e  r e i n f o r c i n g  p a r t i c l e s  w i t h  t h e  m e l t .
T h e r e  a r e  s e v e r a l  t e c h n i q u e s  t o  p r o d u c e  a  P R M M C  c o m p o n e n t  b y  c a s t i n g .  A l m o s t  a l l  
i n v o l v e  t h e  a d d i t i o n  o f  t h e  r e i n f o r c i n g  p a r t i c l e s  i n t o  t h e  m e l t  p r i o r  t o  c a s t i n g  o r  i n  t h e  
m o u l d  j u s t  b e f o r e  p o u r i n g  o r  t h e  a d d i t i o n  o f  t h e  p a r t i c l e s  d u r i n g  t h e  p o u r i n g  o f  t h e  
m e l t .  T h e  t y p e  o f  t e c h n i q u e  u s e d  d e p e n d s  o n  t h e  p r o p e r t i e s  o f  t h e  f i n a l  c o m p o n e n t .
T h e  a i m  o f  t h i s  s t u d y  i s  t o  u n d e r s t a n d  t h e  i n t e r a c t i o n  o f  a  c a s t  i r o n  b a s e  m e l t  w i t h  
p a r t i c l e s  i n  l i q u i d  r o u t e  p r o c e s s i n g  o f  P R M M C s .  T h e  o b j e c t i v e s  o f  t h e  s t u d y  a r e :
( 1 )  t o  s t u d y  d i f f e r e n t  m e t h o d s  f o r  i n c o r p o r a t i n g  t h e  r e i n f o r c i n g  p a r t i c l e s  i n  t h e  m o u l d ,
( 2 )  t o  s t u d y  t h e  i n t e r a c t i o n  o f  t h e  p a r t i c l e s  w i t h  t h e  w h i t e  c a s t  i r o n  m e l t  d u r i n g  c a s t i n g  
a n d
( 3 )  t o  s t u d y  t h e  r e a c t i o n  o f  p a r t i c l e s  w i t h  t h e  f e r r o u s  m e l t .
T h e  s t r a t e g y  a d o p t e d  t o  r e a l i z e  t h e  a b o v e  o b j e c t i v e s  i n v o l v e s :
( 1 )  m o d e l l i n g  o f  t h e  p a r t i c l e ’ s  /  S / L  i n t e r f a c e  i n t e r a c t i o n ,
( 2 )  m o d e l l i n g  o f  t h e  p a r t i c l e ’ s  m o v e m e n t  i n  a  s t a t i c  m e l t  a n d  i n  a  d y n a m i c  m e l t  f l o w ,
( 3 )  s i m u l a t i o n  o f  s o l i d i f i c a t i o n  p a t h  o f  F e - b a s e  a l l o y  s y s t e m s  w i t h  v a r i o u s  
c o m p o s i t i o n s ,
( 4 )  t h e  m i c r o s t r a c t u r a l  c h a r a c t e r i z a t i o n  o f  a s - c a s t  a n d  h e a t  t r e a t e d  m a t e r i a l s  a n d
( 5 )  t h e  e v a l u a t i o n  o f  t h e  w e a r  p r o p e r t i e s  o f  P R M M C s .
P a r t i c u l a r  a t t e n t i o n  w i l l  b e  p a i d  ( a )  t o  a  s a n d  c a s t i n g  t e c h n i q u e  w h e r e  t h e  r e i n f o r c i n g  
p a r t i c l e s  a r e  p a r t  o f  t h e  i n t e r i o r  o f  t h e  m o u l d  d e s i g n  s o  t h a t  t h e  p r o c e s s  o f  e n g u l f m e n t  
s t a r t s  r i g h t  a f t e r  t h e  e n d  o f  p o u r i n g  a n d  ( b )  t o  t h e  c o n t r o l  o f  t h e  d i s t r i b u t i o n  o f  t h e  
r e i n f o r c i n g  p a r t i c l e s  b y  m e a n s  o f  d i r e c t i o n a l  s o l i d i f i c a t i o n .
T h e  s t r u c t u r e  o f  t h e  t h e s i s  i s  a s  f o l l o w s :  T h e  a i m  a n d  t h e  o b j e c t i v e s  o f  t h e  r e s e a r c h  a r e  
s e t - o u t  i n  c h a p t e r  1 . A  b r i e f  r e v i e w  o f  t h e  l i t e r a t u r e  i s  g i v e n  i n  c h a p t e r  2  w i t h  
p a r t i c u l a r  e m p h a s i s  o n  m o u l d  d e s i g n  a n d  c a s t i n g  p r a c t i s e .  T h e  e x p e r i m e n t a l  w o r k  i s  
d e s c r i b e d  i n  c h a p t e r  3 .  M o d e l l i n g  r e s u l t s  a n d  t h e i r  d i s c u s s i o n  a r e  g i v e n  i n  c h a p t e r  4 .
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CHAPTER 1
T h e  e x p e r i m e n t a l  r e s u l t s  a n d  t h e i r  d i s c u s s i o n  a r e  p r e s e n t e d  i n  
c o n c l u s i o n s  a n d  s u g g e s t i o n s  f o r  f u t u r e  w o r k  a r e  g i v e n  i n  c h a p t e r  6 .
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C h a p t e r  2
L i t e r a t u r e  R e v i e w
2.1 C astin g  and  S o lid ifica tion
C a s t i n g  i s  a n  a n c i e n t  p r o c e s s  t h a t  w a s  u s e d  f o r  t h e  m a n u f a c t u r e  o f  m e t a l l i c  
c o m p o n e n t s  a n d  a  w e l l - u s e d  p r o c e s s  i n  o u r  d a y s  s i n c e  i t  o f f e r s  a  b i g  v a r i e t y  o f  
t e c h n i q u e s  a c c o r d i n g  t o  t h e  g e o m e t r i c a l  c h a r a c t e r i s t i c s  a n d  p r o p e r t i e s  t h a t  t h e  
c o m p o n e n t s  a r e  r e q u i r e d  t o  h a v e .  T h e r e  a r e  n u m e r o u s  c a s t i n g  t e c h n i q u e s  t h a t  a r e  u s e d  
b y  i n d u s t r y .  H o w e v e r ,  t h e  p r e s e n t  r e s e a r c h  d e a l s  w i t h  s a n d  c a s t i n g  s o  t h e  e m p h a s i s  o f  
t h i s  s e c t i o n  w o u l d  b e  o n  t h e  d e s c r i p t i o n  o f  t h e  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h i s  s p e c i f i c  
p r o c e s s .  A c c o r d i n g l y ,  s a n d  c a s t i n g  ( a n d  c a s t i n g  i n  g e n e r a l )  i n v o l v e s :  ( a )  t h e  m o u l d  
d e s i g n ,  ( b )  f l u i d  d y n a m i c s  a n d  ( c )  t h e  s o l i d i f i c a t i o n  o f  t h e  m e l t .  O f  t h e s e ,  ( a )  a n d  ( b )  
a r e  i n t e r l i n k e d  a n d  t h e r e f o r e  w i l l  b e  c o n s i d e r e d  t o g e t h e r .
2.1 .1  T he M ou ld  D esign  and F lu id  D yn am ics
I n  t h e  d e s i g n  o f  a  m o u l d  t h e  e n g i n e e r  n e e d s  t o  t a k e  i n t o  a c c o u n t  t h e  s h a p e  a n d  t h e  
v o l u m e  o f  t h e  c o m p o n e n t  t o  b e  c a s t  a s  w e l l  a s  t h e  t h e r m o - p h y s i c a l  p r o p e r t i e s  o f  t h e  
m a t e r i a l  f r o m  w h i c h  t h e  c o m p o n e n t  w i l l  b e  m a d e ,  f o r  e x a m p l e ,  m e l t i n g  t e m p e r a t u r e ,  
h e a t  o f  f u s i o n ,  t h e  c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i o n  a n d  c o n t r a c t i o n ,  s p e c i f i c  h e a t s  o f  
t h e  l i q u i d  a n d  s o l i d  p h a s e s ,  t h e  s u r f a c e  t e n s i o n  o f  t h e  m e l t ,  e t c .
2 .1 .1 .1  T he M ould
T h e  m o u l d  c o n s i s t s  o f  t h e  r u n n i n g  s y s t e m ,  i . e . ,  w e i r  b u s h ,  t a p e r  s p r u e ,  w e l l  a n d  
r u n n e r ,  t h e  g a t i n g - r i s i n g  s y s t e m ,  t h e  c h i l l s  a n d / o r  t h e  e x o t h e r m i c  m a t e r i a l s  a n d  t h e  
c a v i t y ,  w h i c h  w o u l d  d e f i n e  t h e  s h a p e  o f  t h e  c o m p o n e n t  t o  b e  c a s t .  A  s c h e m a t i c  
d i a g r a m  o f  a  m o u l d  i s  s h o w n  i n  F i g u r e  2 .1 .
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F i g u r e  2 .1  -  S c h e m a t i c  d i a g r a m  o f  a  m o u l d  [ C a m p b e l l ,  1 9 9 3 ]
T h e  m o l t e n  m e t a l  e n t e r s  t h e  r u n n i n g  s y s t e m  o f  t h e  m o u l d  f r o m  t h e  weir bush. I n  t h e  
w e i r  b u s h  t h e  l i q u i d  f l o w  i s  c o n t r o l l e d  b y  a  s t e p  b e f o r e  e n t e r i n g  t h e  taper sprue. T h e  
s t e p  i s  u s e d  t o  r e d u c e  t h e  s p e e d  o f  t h e  m e l t  t h a t  r e s u l t s  f r o m  t h e  h i g h  m e t a l l o s t a t i c  
p r e s s u r e  o f  t h e  m o l t e n  m e t a l  i n  t h e  c r u c i b l e  f r o m  w h i c h  t h e  m e l t  i s  b o t t o m  p o u r e d  v i a  
t h e  u s e  o f  a  v a l v e .  W h e n  t h e  s t e p  i s  o v e r r u n  t h e  f l o w  w i l l  g o  t o  t h e  taper sprue  w h e r e  
i t  w i l l  b e  c o n t r o l l e d  b y  t h e  c o n i c a l  s h a p e  o f  t h e  s p r u e .  A t  t h e  s a m e  t i m e ,  t h e  well s t a r t s  
t o  b e  f i l l e d  w i t h  l i q u i d  a n d  c o n t r o l s  t h e  r a t e  w i t h  w h i c h  t h e  runner i s  f i l l e d .  I n i t i a l l y ,  
t h e  l e v e l  o f  t h e  m e l t  i n  t h e  well i s  b e l o w  t h e  l e v e l  o f  t h e  cavity  a n d  a s  t h e  well i s  f i l l e d  
t h e  m e l t  r i s e s  o n l y  t o  t h e  l o w e r  l e v e l  o f  t h e  cavity. T h e  well c o n t a i n s  a  s t e p ,  w h i c h  
w h e n  o v e r r u n  b y  t h e  m e l t  f l o w ,  t h e  m e l t  s t a r t s  f i l l i n g  t h e  runner g r a d u a l l y .  T h e  r u n n e r  
c o n s i s t s  o f  s t e p s  a s  m a n y  a s  t h e  n u m b e r  o f  gates  t h a t  a r e  u s e d  t o  f i l l  t h e  c a v i t y .  T h e  
gates  l i n k  t h e  r u n n i n g  s y s t e m  w i t h  t h e  c a v i t y .
A  s a t i s f a c t o r y  s y s t e m  a l l o w s  t h e  runner t o  b e  t h e  f i r s t  p a r t  t h a t  i s  f i l l e d  f u l l y  b e f o r e  
t h e  g a t e s  a r e  r e a c h e d  b y  t h e  m e l t .  T h u s ,  t h e  m e t a l  h a s  a d e q u a t e  t i m e  t o  r i d  
i t s e l f  o f  b u b b l e s  a n d  d r o s s ,  m o s t  o f  w h i c h  c a n  b e  t r a p p e d  i n  t h e  d r o s s  t r a p  o r  a g a i n s t  
t h e  u p p e r  s u r f a c e  o f  t h e  r u n n e r .  O n l y  a  l i m i t e d  a m o u n t  o f  s l a g  o r  d r o s s  w i l l  e n t e r  t h e
Casting 
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c a v i t y  b u t  e v e n  t h i s  c o u l d  b e  a v o i d e d  i f  t h e  v e l o c i t y  o f  t h e  m e t a l  i s  l o w  e n o u g h  t o  
a l l o w  t h e s e  i m p u r i t i e s  t o  b e  h e l d  a g a i n s t  t h e  c e i l i n g  o f  t h e  g a t e .
T h e  r o l e  o f  t h e  r u n n i n g  s y s t e m  i s  t o  a l l o w  o n l y  l i q u i d  m e t a l  t o  e n t e r  i n  t h e  c a v i t y .  
T h u s ,  a l l  t h e  b u b b l e s  t h a t  r i s e  f r o m  t u r b u l e n c e  n e e d  t o  b e  e l i m i n a t e d  b y  t h i s  s t a g e  i . e .  
t h e  r u n n i n g  s y s t e m  s h o u l d  n o t  a l l o w  s u r f a c e  t u r b u l e n c e  w h i c h  w i l l  r e s u l t  t o  g a s  
e n t r a p m e n t  d u r i n g  s o l i d i f i c a t i o n .  F u r t h e r m o r e ,  a n  e f f i c i e n t  r u n n i n g  s y s t e m  n e e d s  t o  b e  
e c o n o m i c a l  a s  w e l l ,  w h i c h  m e a n s  t h a t  t h e  e n g i n e e r  m u s t  c a l c u l a t e  t h e  v o l u m e  o f  t h e  
r u n n i n g  s y s t e m  t h a t  i s  r e q u i r e d  t o  h a v e  e n o u g h  m e l t  t o  f i l l  t h e  c a v i t y  p r o p e r l y  a n d  t h u s  
e n s u r e  t h a t  m o r e  c a s t i n g s  c a n  b e  c a s t  f r o m  t h e  m e l t  s u p p l y .
2 .1 .1 .2  Su rface  T en sion
T h e  s u r f a c e  t e n s i o n  o f  t h e  m e l t  a n d  t h a t  r e s u l t i n g  f r o m  t h e  c o n t a c t  o f  t h e  m o l t e n  m e t a l  
a n d  t h e  a i r  i n s i d e  t h e  m o u l d  a r e  b o t h  c r u c i a l  f a c t o r s  r e g a r d i n g  t h e  c a s t i n g  o f  a  
c o m p o n e n t  o f  t h e  r e q u i r e d  g e o m e t r y .  T h e  e n g i n e e r  m u s t  e n s u r e  t h a t  t h e  l i q u i d  w i l l  f i l l  
a l l  t h e  a r e a s  o f  t h e  c a v i t y ,  w h i c h  a r e  d e f i n e d  b y  t h e  r e q u i r e d  s h a p e  o f  t h e  c o m p o n e n t .  
F o r  e x a m p l e ,  i n  v e r y  t h i n  ( <  2  m m )  s e c t i o n s  o f  t h e  c a v i t y ,  i f  t h e  s u r f a c e  t e n d s  t o  b e  
s h a r p l y  c u r v e d ,  a g a i n s t  t h e  n o n - w e t t e d  m o u l d  t h e r e  w o u l d  b e  a  r e p u l s i v e  f o r c e ,  w h i c h  
r e s i s t s  t h e  e n t r a n c e  o f  t h e  m e l t  i n  t h a t  s e c t i o n .  E v e n  i f  t h e  m e t a l  m a n a g e s  t o  e n t e r  t h i s  
s e c t i o n ,  t h e  r e p u l s i v e  f o r c e  a r i s i n g  f r o m  t h e  s u r f a c e  t e n s i o n  w i l l  k e e p  p r o v i d i n g  
r e s i s t a n c e  t o  t h e  f l o w  o f  t h e  m e l t  a n d  w o u l d  t e n d  t o  r e v e r s e  t h e  f l o w  a n d  n o t  a l l o w  t h e  
f i l l i n g  o f  t h e  s p e c i f i c  s e c t i o n ,  i f  t h e r e  w e r e  t o  b e  a n y  r e d u c t i o n  o f  t h e  f i l l i n g  p r e s s u r e .
T h e  u n d e r s t a n d i n g  o f  t h e  a b o v e  p h e n o m e n o n  i s  b a s e d  o n  t h e  L a p l a c e  e q u a t i o n ,  w h i c h  
g i v e s  t h e  r e l a t i o n  b e t w e e n  t h e  c u r v a t u r e  a t  a  p o i n t  o f  t h e  l i q u i d / v a p o u r  i n t e r f a c e  a n d  
t h e  p r e s s u r e s  o n  t h e  t w o  s i d e s  o f  t h e  s u r f a c e  ( l i q u i d  a n d  v a p o u r )  a n d  c a n  b e  w r i t t e n  a s  
[ C a m p b e l l ,  1 9 9 3 ] :
p Q  _  p Q  — f j
l  r v  °  LV
A l  ^ 2  J
(equ. 2.1)
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I n  e q u a t i o n  2 .1  P p  a n d  P p  a r e  t h e  p r e s s u r e s  o n  t h e  l i q u i d  a n d  v a p o u r  s i d e s  o f  t h e  
s u r f a c e ,  R x a n d  R 2 a r e  t h e  p r i n c i p a l  r a d i i  o f  c u r v a t u r e  a t  p o i n t  Q  a n d  a LV i s  t h e  
w o r k  n e e d e d  f o r  t h e  r e v e r s i b l e  c r e a t i o n  o f  a d d i t i o n a l  s u r f a c e  o f  a  l i q u i d  L  i n  c o n t a c t  
w i t h  a  v a p o u r  V .
T h e  e q u a t i o n  2 .1  a p p l i e s  w h e n  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  i n t e r f a c e  i s  i n  
b a l a n c e  w i t h  t h e  s u r f a c e  t e n s i o n .  I f  t h e  f i l l i n g  p r e s s u r e  e x c e e d s  t h e  r e s i s t a n c e  o f  t h e  
s u r f a c e  t e n s i o n ,  f o r  e x a m p l e  a s  i n  t h e  c a s e  o f  a  c i r c u l a r  s e c t i o n  ( R \  =  R 2 =  R ) ,  t h e  
e q u a t i o n  2 . 2  a p p l i e s :
P Q - . p Q > / ± > L  ( e q u . 2 .2 )
W h e n  t h e  m e t a l  d o e s  w e t  t h e  m o u l d ,  t h e  c u r v a t u r e  b e c o m e s  n e g a t i v e  a n d  s o  d o e s  U R ,  
a l l o w i n g  t h e  s u r f a c e  t e n s i o n  t o  a s s i s t  t h e  m e t a l  t o  e n t e r  t h e  m o u l d  ( c a p i l l a r y
a t t r a c t i o n ) .  I n  t h i s  c a s e ,  t h e  i n t e r a c t i o n  o f  t h e  m o l t e n  m e t a l  w i t h  t h e  m o u l d ’ s  w a l l
c a n n o t  b e  e l i m i n a t e d ,  t h u s  c a u s i n g  s e v e r a l  p r o b l e m s  i n  s u r f a c e  f i n i s h  a n d  t h e  
c o m p o s i t i o n  o f  t h e  f i n a l  p r o d u c t .
A s s u m i n g  a  n o n - w e t t i n g  r e l a t i o n  i n  t h e  m o u l d - m e t a l  s y s t e m ,  o n e  c o u l d  e s t i m a t e  t h e  
n e c e s s a r y  c o n d i t i o n  f o r  a  l i q u i d  f r o n t  t o  e n t e r  a  s e c t i o n  o f  a  m o u l d  o f  t h i c k n e s s  R .  I n  
g r a v i t y  c a s t i n g  t h e  b a l a n c e  o f  t h e  f o r c e s  w i l l  b e
(P a +  p g h ) - ( P a + P m ) > / ^ -  ( e q u . 2 . 3 )
2rr
= > p g h - P m > - f -  ( e q u . 2 . 4 )
w h e r e  P a i s  t h e  a t m o s p h e r i c  p r e s s u r e ,  P m i s  t h e  p r e s s u r e  o f  t h e  m o u l d ’ s  g a s e s ,  h  i s  t h e  
h e i g h t  o f  t h e  l i q u i d  v o l u m e ,  p  i s  t h e  d e n s i t y  o f  t h e  l i q u i d  m e t a l  a n d  g  i s  t h e  
a c c e l e r a t i o n  o f  g r a v i t y .
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F r o m  e q u a t i o n  2 . 4  i t  f o l l o w s  t h a t  t h e  p r e s s u r e  r e s u l t i n g  f r o m  t h e  d e g a s s i n g  o f  t h e  
m o u l d  w i l l  c a u s e  a  r e s i s t i n g  f o r c e  t o  t h e  f i l l i n g  o f  a  t h i n  s e c t i o n  b y  t h e  l i q u i d  f r o n t  
w h i l e  t h e  f o r c e  d u e  t o  a t m o s p h e r i c  p r e s s u r e  p l a y s  n o  r o l e  i n  a  w e l l  v e n t e d  m o u l d ,  
s i n c e  i t  a c t s  o n  b o t h  e n d s  o f  t h e  l i q u i d  f r o n t  c a n c e l l i n g  e a c h  o t h e r  i n  t h a t  w a y .
I n  m o r e  c o m p l i c a t e d  c o m p o n e n t  g e o m e t r i e s ,  c e r a m i c  c o m p o n e n t s  ( c o r e s )  a r e  p l a c e d  
i n  t h e  c a v i t y  t o  r e s t r i c t  t h e  m e l t  t o  e n t e r  i n t o  s p e c i f i c  s e c t i o n s ,  f o r  e x a m p l e  i n t e r n a l  
h o l e s  i n  t h e  c a s t  c o m p o n e n t  t h a t  c a n n o t  b e  f o r m e d  b y  t h e  m o u l d ’ s  w a l l s .
2 .1 .1 .3  P ressu res in th e M ould
T h e  m o u l d  s t a r t s  t o  e x p e r i e n c e  f o r c e s  w h e n  t h e  m o l t e n  m e t a l  e n t e r s  i t .  D u r i n g  c a s t i n g ,  
t h e  m e l t  t h a t  i s  r i s i n g  a p p l i e s  p r e s s u r e  t o  t h e  m o u l d  w a l l s  a n d  t o  a n y  s u r f a c e  ( e .g .  
c o r e s )  t h a t  i s  i n  t o u c h  w i t h .  A t  t h e  b e g i n n i n g  t h i s  p r e s s u r e  i s  e q u a l  w i t h  t h e  d y n a m i c  
p r e s s u r e  o f  t h e  m e l t  f l o w  P d , w h i c h  i s  d e f i n e d  a s  t h e  f o r c e  t h a t  i s  a p p l i e d  t o  t h e  w a l l s  
o f  t h e  m o u l d  b y  a  f r e e  j e t  o f  m e t a l .  O n e  c a n  d e f i n e  t h i s  f o r c e  a s  t h e  r a t e  o f  c h a n g e  o f  
t h e  m o m e n t u m  o f  t h e  m e l t ,  a n d  b y  a s s u m i n g  t h e  g e o m e t r y  o f  t h e  j e t  t o  b e  t h a t  o f  a  
c y l i n d e r  ( e a c h  s e c o n d  i t s  l e n g t h  t o  b e  t h e  m e l t ’ s  v e l o c i t y )  t h e  f o r c e  i s :
F  =  A v  p  jli ( e q u .  2 . 5 )
= >  P D =  p  jli2 ( e q u .  2 . 6 )
w h e r e  p  i s  t h e  m e l t  v e l o c i t y ,  A  i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  j e t  a n d  v  i s  t h e  l e n g t h  
o f  t h e  j e t .  T h e  m e t a l  s t a r t s  f i l l i n g  t h e  c a v i t y  c r e a t i n g  a n o t h e r  p r e s s u r e ,  w h i c h  i s  a d d e d  
t o  t h e  p r e v i o u s  o n e .  T h i s  e x t r a  p r e s s u r e  i s  t h e  m e t a l l o s t a t i c  p r e s s u r e  o f  t h e  m e l t  P M
p m  = P  § h  ( e q u .  2 . 7 )
T h u s ,  t h e  t o t a l  p r e s s u r e  o f  t h e  s y s t e m  a t  t h a t  p o i n t  e q u a l s  t h e  s u m  o f  t h e  t w o  p r e v i o u s  
p r e s s u r e s
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Ptot = Pm + Pd (equ.2 .8 )
At the end of casting the mould experiences only the metallostatic pressure, which 
depends on the height of riser just before the melt starts to solidify [Campbell, 1993].
2 .1 .1 .4  M o u ld  D e fo rm a tio n  a n d  D efec ts
As the molten metal enters the mould, the mould walls and cores experience a thermal 
expansion because of the rise of their temperature as they come in contact with the 
melt. In the case of steel castings, the pouring temperature is expected to be between 
1550-1650°C depending on the alloy composition. The increase in volume that the 
expansion will cause needs to be taken into account by the engineer who must add 
riser/s to the mould. The riser must solidify last from the rest of the casting to ensure 
the proper feed of the cavity. The correct amount of molten metal should be made 
available to the riser, since any less material than that required would cause shrinkage 
in the cavity, while any more will be excess and wasted. Therefore, the size of the 
riser is linked with the expansion of the mould walls.
In the interior of the mould the cores (if there are any) expand in a different manner 
than the mould’s walls since they wet more from the melt and their size is smaller 
compared to that of the mould. Therefore, the expansion of the cores is expected to be 
bigger compared to the mould’s walls [Campbell, 1993].
2 .1 .1 .5  S u r fa c e  F in ish
In conventional green sand castings the liquid metal can penetrate the gaps between 
the grains o f the sand, when the metallostatic pressure of the melt is high enough to 
overcome the surface tension of the gap. This will result to a sufficient level of 
roughness on the surface of the final product. The freezing of the advancing liquid 
front at the time that reaches the walls of the mould can control this phenomenon. 
This can be done by mixing metal particles with the sand or/and by using chill media 
in the mould.
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For better surface finish other casting techniques can be used, where the size of the 
gap is reduced using finer sand or powder. Besides, elimination of the imperfections 
of the mould can be done with mould wash, where ceramic slurry is applied to fill the 
gaps between the grains [Campbell, 1993].
2 .1 .2  T h e  S o lid if ic a tio n  o f  th e  M e lt
Solidification starts soon after the melt has been placed into the mould when the melt 
temperature drops below the liquidus temperature, Tl. Three basic structures are 
developed from the walls of the mould to the centre of the ingot. Initially, solid nuclei 
start to grow across and close to the walls of the mould creating a zone of equiaxed 
grains usually of random orientation, the outer equiaxed zone or "chill zone The 
crystals in the outer zone become larger in size and elongated in shape growing 
dendritically parallel (normal to the mould walls) and opposite (towards the centre of 
the ingot) to the heat flow direction creating a second zone of grains with very strong 
preferred direction across their long axis, the columnar zone. Finally, at the centre of 
the ingot branches, which become detached from the columnar dendrites, start to grow 
independently forming the inner equiaxed zone of grains [Fleming, 1974].
2 .1 .2 .1  C e l lu la r  S o lid if ic a tio n  -  D e n d r it ic  G ro w th
In the solidification of a multi-phase alloy, the initially planar S/L interface starts to 
“break down” by creating small perturbations on the S/L front. The driving force for 
this break down of the planar front interface is the thermodynamic stability of the 
solute-rich layer immediately in front o f the S/L interface, according to the 
constitutional supercooling theory. Accordingly, when the actual temperature, Ta, of 
the interface is below the melt’s liquidus temperature, any perturbation caused by 
instability will find itself in a thermodynamically stable environment (supercooled 
melt), which favours its growth. On the other hand, if  Ta > TL, then the perturbation 
on the interface will be surrounded by a superheated environment i.e. it would be 
unstable, and disappear back in the melt. The above theory introduces a criterion,
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according to which the S/L interface will be thermodynamically stable or not. This is 
called the constitutional supercooling criterion [Chalmers, 1964], where the planar 
front of the S/L interface of an alloy of composition Co is stable when:
^  ~mL c l 7 7 ”  (equ. 2.9)R k Dl
In equation 2.9, GL is the actual temperature gradient in the liquid at the interface, R 
is the rate of movement of the interface (i.e. the solidification front velocity), D, is 
the diffusion coefficient of the solute in the liquid, k is the equilibrium partition 
coefficient, mL is the slope of the liquidus line on the equilibrium phase diagram and 
C* is the solid composition at the interface at solidification temperature T*.
In a real casting condition the boundary layer near the solidifying interface is affected 
by convection. Therefore, when convection is significant so that the diffusion of the 
solute in the liquid is complete, there is still the boundary layer with small but well 
defined concentration gradient. In this case:
%  > -m L C .  (equ. 2 .1 0 )
R k D r
where Cw is the bulk liquid composition, which is equal to the overall alloy 
composition for a small amount of solidification for a large melt. C* is equal to C0 
when there is no convection.
The originally planar S/L interface starts to become rippled and then cellular when the 
condition for constitutional supercooling is satisfied and as the G, / R is decreased. In 
a polycrystalline material, the breakdown of the planar front begins from the grain 
boundaries and spreads outwards to the neighbouring crystals. At first a groove is 
formed in the grain boundary, then the adjacent regions start to grow fast and create 
ridges, when the ridges become big enough secondary ridges start to appear next to
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the primary one which starts to break down into periodic rows and hills leading to the 
cellular structure [Fleming, 1974].
The cellular structure starts to grow perpendicular to the S/L interface, opposite to the 
heat flow direction and does not follow a specific crystallographic direction. At a 
certain point the cellular structure becomes dendritic. The time of this change from 
cells to dendrites, depends on the definition that one would give to a dendrite. Some 
believe that a dendritic structure starts to exist when it is growing in or near its 
crystallographic orientation. Others define a dendritic structure the distinguished 
presence of the secondary branches in the microstructure [Fleming, 1974]. This study 
uses the latter definition. The dendrites consist of the main “trunk”, primary dendrite 
arm, which grows parallel to the heat flow direction and the “branches”, secondary 
dendrite arms, which grow perpendicular to the direction of the primary one.
2.2 H e a t  T r a n s f e r  in  th e  S o lid if ic a tio n  o f  M e ta l C a s tin g s
2.2.1 H e a t  T r a n s f e r  M e c h a n ism s
For a material to solidify, heat needs to be transferred to the surroundings. There are 
three different mechanisms of heat transfer: (a) conduction, (b) convection and (c) 
radiation. In the case of a closed top mould gravity casting, the molten metal inside 
the mould loses heat with all three of the above mechanisms.
2 .2 .1 .1  C o n d u c tio n
In heat transfer by conduction, two surfaces with different temperatures come in 
contact and a heat flux is maintained from the hotter surface (molten metal) towards 
the less hot one. This could be the case when the molten metal enters the mould and 
comes in contact with the mould’s walls. The heat flux, q, is [Poirier and Poirier, 
1994]:
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( d T \  q - —K ---- (equ. 2 .1 1 )
(equ. 2 .1 2 )
where dT/dx is the thermal gradient, ic is the thermal conductivity of the mould’s wall, 
Q is the heat flow rate, L is the thickness of the wall, A is the area of the wall and To 
and Ti are the temperatures of the wall and melt respectively. In equation 2.11 the 
negative sign indicates that the direction of the heat flow is from “hot” to “cold” i.e.
The conduction mechanism in the case of castings with greensand mould is 
considered to be a transient and not a steady state one, since there is a nonlinear 
temperature distribution inside the mould.
2 .2 .1 .2  C o n v e c tio n
In the case o f heat transfer by convection, one of the two surfaces that are in contact 
with each other causes high heat flux on the interface where cooling takes place, while 
in conduction the fluid is considered static. The surface, which causes the cooling, has 
much higher fluidity than the other one (e.g. air current and molten metal). The 
velocity of the fluid specifies the kind of the convection heat transfer. Accordingly, 
there is the forced and the natural convection. The forced convection implies the use 
of artificial parameters for cooling a hot area such as, fans blowing air, hot pieces of 
solid in agitating bath, etc. In natural convection the cooling takes place in ambient 
air, where the movement of air is caused by the density gradients near the solid 
surface. The effect on the heat flux of a fluid passing over a hot, static surface can be 
represented by the following equation [Poirier and Poirier, 1994]:
dT T0 - T lo
dx 0 -  LL
q = -h (T a - T j (equ. 2d 3)
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where h is the convection heat transfer coefficient, To is the temperature of the surface 
and Too is the temperature of the fluid away from the surface.
2 .2 .1 3  R a d ia t io n
Heat transfer does not occur only through a material medium but also through the 
vacuum, in which case the transfer of heat is done by electromagnetic radiation, which 
is specifically called thermal radiation.
In thermal radiation the flux is expressed as the net radiant exchange between the 
surfaces and is proportional to the difference o f their absolute temperatures to the 
fourth power [Poirier and Poirier, 1994]:
q x a f - T f )  (equ. 2.14)
In equation 2.14, a is the Stefan-Boltzmann constant for ideal thermal radiation. This 
type of radiation is also called blackbody radiation, since a metal surface which is 
coated with carbon black, emits that amount of radiation.
In the case of a “real” surface, which is also called a grey surface (e.g. polished metal 
surface), the flux follows the T4 proportionality of equation 2.14 but is not that 
extensive. This is due to the nature and the geometry of the surfaces which experience 
thermal radiation and the effect of the surroundings in the electromagnetic waves of 
this radiation. Therefore, two new parameters are added in the original equation 2.14: 
(1) The emissivity s of the emitting surface, which is the ratio of the radiation of the 
grey surface to the ideal black one and (2) F, which is a function of the emissivities 
and the geometries of the two surfaces. Thus, equation 2.14 becomes:
q = F a e f  -T}) (equ. 2.15)
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2.2 .2  H e a t  T r a n s f e r  in  M o u ld s
The mould materials can be classified as insulators and good conductors. Typical 
examples of good conductors can be found in permanent or die casting, when metallic 
moulds are used. Examples of insulators are the plaster moulds, ceramic shells moulds 
in investment casting or silica sand moulds in sand casting. The mechanisms of heat 
transfer that are involved during solidification of the melt are dependent on the 
composition of the mould material.
At the microscopic level heat transfer occurs by conduction through the mould’s 
particles, by radiation between the mould’s particles (grains) and by conduction, 
radiation and convection through the pores formed by the mould’s particles. The total 
heat that is transferred from the melt to its surroundings determines the solidification 
time of the cast component.
2 .2 .2 .1  H e a t  T r a n s f e r  a c ro ss  M o u ld  M a te r ia ls
During the solidification process in a sand mould, heat transfer occurs through various 
media by various mechanisms. One can categorise the parts of the mould with which 
the melt exchanges heat as follows: a) the air gaps, which are the porosity between 
the sand grains, b) the sand grains, from which the mould consists of, c) the chills of 
the mould, which are metallic parts that are placed in specific positions to increase the 
solidification rate and d) the risers.
The heat transfer across the air gaps is given by the flux across the gap qg [Poirier and 
Poirier, 1994]:
qs = h g(Tc -T M) (equ. 2.16)
where Tc and Tm are the temperatures at the casting and mould surface respectively 
and hg is the gap heat transfer coefficient. Since the gap characteristics (gap thickness 
variation with time, composition of the gap within the gap and emissivities of the
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mould and casting surfaces) are not well known, values of hg can only be determined 
empirically.
The temperature at the surface of an insulating mould adjacent to solidifying metal is 
equal to the freezing point of the melt, since the thermal conductivity of the mould is 
only 0.01 to 0.02 that of the molten metal. This means that all of the thermal 
resistance to the heat transfer is within the mould itself. The heat transfer between it 
and the melt can be calculated using conduction theory where the heat flux is given by 
the equation 2 .1 1 .
In the case where chills are used, the study of heat transfer is not that simple like in 
insulating moulds, since the thermal resistance of the gap in the metal-mould interface 
causes a rather large temperature drop. The condition of no thermal resistance at this 
interface would exist only if the casting solders or welds to the mould (not desirable). 
Because of the complexities that are added with the introduction of chills and risers in 
a mould, these cases will be analysed in more detail in a separate section (see § 2.3.1).
2 .2 .2 .2  S o lid if ic a tio n  T im e  in  M o u ld s
In the solidification of an open-top sand mould, the heat is lost (heat flux occurs) from 
the top by convection and radiation and from the walls of the mould by conduction. 
To simplify the calculations for the solidification time in the case of sand casting, the 
thick wall sections are considered good insulators, so the heat transfer by conduction 
is assumed to be negligible.
The time, t9 that a metallic cast component requires to solidify, is dependent on the 
rate of the heat loss of the metal, QM and the heat loss QM [Poirier and Poirier, 
1994]:
f = % -  (equ. 2.17)
Qm
where
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Q„ ={h + hr)A.r (TP +Tj(equ. 2.18)
Qm -  m H f  (equ. 2.19)
and m is the mass of metal, Hf is the latent heat of fusion, 7> is the freezing point of 
the metal, Tm is the temperature of the surroundings, A j is the area of the top surface 
of the solidifying metal and h and hT are the heat transfer coefficients for convection 
and radiation respectively.
In the case of alloy solidification (see also Fig. 2.2), the Hf is not released at one 
temperature but is distributed over a range of temperatures according to the phases 
that are involved during solidification. Therefore, the enthalpy of the alloy during 
solidification is:
H  = f sHs + f LH L (equ. 2 .2 0 )
where Hs, Hi are the enthalpies of the solid and liquid respectively and f s, f i  are the 
weight fractions of the solid and liquid phase respectively.
(a)
(c)
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Figure 2.2 -  Fraction solid and enthalpy of alloys versus temperature during 
solidification (a) and (b) for one phase alloy solidification, (c) and (d) for eutectic 
alloy solidification [Poirier and Poirier, 1994]
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2.3 C a s tin g  P ra c tic e
There are practical methods that a foundryman uses to calculate the solidification time 
and feeding range of a casting.
The solidification modulus is one of the common parameters in casting practice. The 
modulus, M, of a cast section is the ratio of the cooling volume over the cooling area 
[Chvorinov, 1940]:
.  ^ , , solidifying volume ,Modulus = --------------- *-------------- (equ. 2.21)
solidifying surface area
which for a cylindrical geometry can be converted into:
. cross sectional areaModulus = ---------------------------------------- (equ. 2.22)
perimeter o f the cross section
Thus, in more complex cast components, the science of casting calculations is based 
on the subdivision of these complex parts into more simple components, regarding the 
shape and geometry, where the modulus for each component is calculated separately.
During directional solidification, when the thinner sections start to solidify the metal 
in thicker sections is still liquid. This is due to different amount of heat to be 
dispatched from different sections i.e. difference in moduli of each section. Because 
the temperature falls towards the solidified extremity, a temperature gradient develops 
when the solidification progressively moves towards the riser. The temperature 
gradient in a plate must be at least 0.5°C/cm length of the casting, for a sound casting 
to be obtained i.e. at this gradient each cm of solidifying casting can still be fed from 
the part of the casting that is 0.5°C hotter (Fig. 2.3) [Pellini and Bishop, 1952].
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Figure 2.3 -  Thermal gradients on plates and bars [Pellini and Bishop, 1952]
In order for a cross-section to solidify slower than its neighbour it is necessary for it to 
have more heat i.e. larger modulus. Experiments have shown that the modulus must 
be larger by the factor of 1.1  for the section to be able to feed a thinner adjoining 
section. The most common example of such metal-supplying section is the thermal 
head (a riser which has been made of exothermic material). The thermal head 
modulus must be at least 1 .2  times larger than that of the casting.
2 .3.1 M o d u lu s  M o d if ie rs : E x o th e rm ic  P a d s  a n d  C h ills
In certain circumstances the modulus of a section in a casting must be modified, for 
example when castings with varying (i.e., thin and thick) cross sections are to be 
made. Modulus modification can be done by artificial means, which either increase 
the modulus of the section by prolonging its solidification or decrease it by 
accelerating its solidification according to the needs of the feeding of the casting.
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2.3.1.1 E x o th e rm ic  P a d s
The action of exothermic pads is justified in cases where the solidification time of a 
section in the casting must be prolonged in order to secure a sound casting. This can 
be the case of a thinner section which must remain hot enough so that the thicker part 
of the casting can be fed soundly.
During the time of contact between the melt and the exothermic pad no heat is 
transferred from the exothermic substance to the melt (except for an insignificantly 
small amount when the combustion temperature of the pad is about 1600°C). 
However, the pad retards the cooling of the casting in the same sense as a very 
strongly preheated mould. The solidification therefore takes place on the unheated 
side of the mould where the dendrites form preferentially (Fig. 2.4a). The plate in 
Figure 2.4b (with thickness d) heated on one side solidifies in the same time as an 
unheated plate with twice the thickness (i.e. 2d) in Figure 2.4c.
Figure 2.4 -  Exothermic pad action (a) unheated plate of thickness d, (b) plate of 
thickness d  heated from one side and (c) unheated plate of thickness 2d but with the 
same solidification time with the plate in (a) [Wlodawer, 1966]
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The dendrites in the two plates of Figure 2.4b and c have the same length and rate of 
growth. Based on this fact a graphical method for calculating exothermic pads has 
been derived [Wlodawer, 1966].
The insulating action of the exothermic pad has reached its maximum when cooling 
becomes hindered during the solidification period. The increase in thickness of the 
exothermic pad, above its maximum effective thickness, (i.e. > d), will not bring any 
further increase in solidification time. It can therefore be stated that exothermic pads 
should not be thicker than the heated plate. Figure 2.5 gives an experimentally 
determined diagram for the necessary pad thickness when using FEEDEX 61 
exothermic pad, which is the exothermic used in this study.
£
6
Thickness of steel pad, mm
Figure 2.5 -  Thickness relationship between steel pad and exothermic pad [Griffiths et 
al., 1962]
2 .3 .1 .2  C h ills
Chills work in the opposite way than exothermic pads, by reducing the time taken for 
a casting to solidify (i.e. decreasing the modulus). This reduction of modulus by the 
chill action can be represented as an apparent increase in the surface area of the 
casting section due to the rapid cooling.
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Chvorinov [1940] gives a relationship for the modulus of a mould with chills, Mc in 
comparison with the modulus of a sand mould, Ms:
Mc = 0.5 Ms (equ. 2.23)
Thus, for a casting section with volume Vo, surface area Ao and modulus Mo, which is 
cast in a chill mould, its modulus will change to Mr :
Mr = 0.5 Mo (equ. 2.24)
Stein [1954] determined experimentally the dimensions of chills and for plate-like 
castings, like the one represented in Figure 2.6, the relationship between the plate’s
thickness d  that can be effected by a chill of thickness D  is
D  = 0.5 d  (equ. 2.25)
Steel Plate
Dt Chill
Figure 2.6 -  Partially cooled plate on the underside by a chill
Thickening the chill beyond this amount does not produce an intensified cooling 
effect. Nonetheless, it has been recommended that it is an advantage from the point of 
view of moulding technology to keep the chill thickness to
D = d  (equ. 2.26)
since in practice the influence of an eventual superheat is compensated in this way.
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2 .4  C a s t  I ro n s
The cast irons are divided into three categories according to their composition 
(microstructure) and properties: (1) grey, (2) white and (3) ductile (nodular) cast iron. 
The carbon content of all cast iron alloys is in the range 2 to 6  wt. %. However, in 
practice most cast irons contain between 2  and 4.5 wt. % carbon while the content of 
other alloying elements varies according to the desirable properties. Heat treatment 
plays a significant role to achieve the desirable microstructure in the alloy component.
The microstructure o f a “pure” cast iron can be understood according to the 
equilibrium Fe-graphite system (solid line in Figure 2.7) or according to the 
metastable equilibrium Fe-cementite system (dashed line in Figure 2.7). Therefore, at 
the eutectic temperature (1152°C) either the stable equilibrium eutectic of y and 
graphite forms or the metastable equilibrium eutectic of y  and Fe3C (ledeburite) 
depending on the temperature of formation. If the eutectic solidification takes place 
much below the metastable eutectic line (at 1146°C), the structure of ledeburite grows 
much faster than that o f y  and graphite and dominates. Similarly, if  the eutectic 
solidification occurs above the metastable eutectic line, the ledeburite will not form 
and the product of solidification will be y and graphite.
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Figure 2.7 -  The Fe-C equilibrium phase diagram showing the stable and metastable 
phases [Flemings, 1974]
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Figure 2.8 -  Schematic representation of the formation of microstructures during 
white (a, b and c) and grey (d, e and f) cast iron solidification [Flemings, 1974]
2.4.1 G re y  C a s t I ro n
The grey cast iron has either pearlitic or ferritic structure [Flemings, 1974]. In 
pearlitic grey cast iron, the graphite solidifies in “flakes” (Fig. 2.8 e.) that grow 
cooperatively with austenite at a temperature just below the Fe-graphite eutectic. If 
the cooling rate is much slower the carbon diffuses to the nearest graphite, instead of 
forming cementite. The resulting structure is graphite flakes embedded in a ferrite 
matrix.
A common composition of grey cast irons has 1 wt. % Si and small amounts of Mn of 
the order of 0.1 wt. %. Silicon promotes the formation of graphite and the carbide-free 
as cast structure. This is also a reason for the names grey and white cast iron, since the 
presence of carbides indicates the white-like colour in the microstructure, while the 
graphite gives the dark one.
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Mechanically, grey cast iron is comparatively weak and brittle in tension owing to its 
microstructure; the tips of the graphite flakes are sharp and pointed and act as points 
of stress concentration. Strength and ductility are much higher in compression.
Cast irons are very effective in damping vibrational energy and exhibit high resistance 
to wear.
2 .4 .2  D u c tile  C a s t  I ro n
In the case of ductile (nodular) cast iron, small additions of magnesium and/or cerium 
in the melt result in a completely different solidification microstructure. The graphite 
solidifies in the shape of compact spheres with their basal planes oriented 
perpendicular to the radii of the nodules (Fig. 2.9). The matrix surrounding these 
nodules is either pearlitic or ferrite depending on heat treatment. It is normally 
pearlitic for an as-cast piece. However, a heat treatment for several hours at ~ 700°C 
will yield a ferrite matrix. Castings of ductile cast iron are stronger and much more 
ductile than the grey cast iron ones. In fact, ductile cast iron has properties 
approaching those of steels.
? L  r  •  «
i  * m  •
: \  •  'A
» * *  1  '
Figure 2.9 -  Graphite spheres in a ferrite matrix (Mag. xlOO) [Flemings, 1974]
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2.4 .3  W h ite  C a s t  I r o n
For low Si cast irons and high cooling rates most of the carbon exists as cementite 
instead of graphite. A fracture surface of this alloy has a white appearance, thus the 
term white cast iron. As a consequence of the large amount of cementite the white 
cast iron is extremely hard but also very brittle, to the point of being virtually 
unmachinable.
The white cast iron (WCI) is well known for its excellent wear resistance. However, 
its lack of toughness has been regarded as a barrier to its use in the lignite pulveriser 
mill.
In high chromium WCI the wear resistance depends on the hardness of the carbides 
and the type of matrix present. A chromium-carbon ratio (Cr/C) to give a eutectic 
composition will also produce the finest distribution of carbides and the optimum 
balance of hardness and toughness. In the as-cast state the matrix of the high 
chromium WCI is pearlitic with eutectic carbides. It is generally agreed that a matrix 
of unstable austenite is the most suitable for wear resistance applications and heat 
treatment of the high chromium WCIs has accomplished this [Maratray and Usseglio- 
Nanot, 1971a], Molybdenum addition up to 3.5 wt. % increases the wear resistance 
because of the formation of Mo2C. Molybdenum has also the advantage of reducing 
the austenitizing temperature making the heat treatment easier [Maratray and 
Usseglio-Nanot, 1971 a].
In order to obtain a matrix with unstable austenite -  to increase the abrasion resistance 
-  heating to a temperature above the a  —> y transformation is required, followed by 
air-cooling. Experimental data on a WCI with 3 % C and 30 % Cr (wt. %), after air- 
cooling from temperatures in the range 700-1300°C, are represented in Table 2.1.
The increase in hardness when quenching from temperatures in the range 900-1100°C 
is caused by the formation of martensite from austenite but on quenching from higher 
temperatures austenite is sufficiently stable to be retained at room temperature.
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Table 2.1 -  The effect of heat treatment on the hardness of a cast component of a 3 % 
C and 30 % Cr (wt. %) white cast iron [GMC Group, 2000]
Quenching temperature (°C) Hardness (HRc)
As cast 53
700 55
800 55
900 60
1000 64
1100 64
1200 55
1300 52
2 .5  P a r t ic le  — R e in fo rc e d  M e ta l  M a tr ix  C o m p o site s
The family of metal matrix composite (MMC) materials has entered the materials 
industry with great success. MMCs have become well known all over the world 
because of their ability to combine properties according to the application that are 
going to be used. Important properties of the MMC materials are: the toughness, the 
wear and corrosion resistance and thermal stability.
In the 1980s, the particulate MMCs of non-ferrous alloys developed rapidly, in 
particular the Al base MMCs. The most common of these composites are based on the 
Al-SiC system. These materials are distinguished from the ferrous MMCs, because of 
the size of their reinforcing particles (~ 3-100 pm) (Fig. 2.10). In addition, since the 
volume fraction is relatively high (5-40 %), load transfer from the matrix is no longer 
insignificant.
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Figure 2.10 -  A schematic illustration of the magnitude and range of operation of the 
primary composite strengthening mechanisms as a function of inclusion shape, size 
and volume fraction. In (a) matrix strengthening occurs because of microstructural 
changes in the matrix itself. In (b) the strengthening in the matrix occurs by load 
transfer to the reinforced inclusions [Clyne and Withers, 1993]
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More recently, ferrous matrix composites were developed for use as wear and 
corrosion resistant materials in mechanical, mining, chemical and process industries 
[Zhou et al., 2003]. In these composites, the matrix is a white cast iron with high 
chromium content and tungsten carbide (WC) particles are used as the reinforcements. 
The latter are preferred for iron matrix composites, since they combine high hardness, 
low coefficient of thermal expansion, certain amount of plasticity and good 
wettability by the iron melt.
2.5.1 F a b r ic a t io n  R o u te s
Nowadays, many fabrication routes are available for the manufacture of particulate 
reinforced MMCs. The choice of process is interrelated with the resultant 
microstructure and the desirable properties of the final component. Accordingly, there 
are 4 distinguished processes for the production of MMCs: (1) Squeeze casting, (2) 
Spray deposition, (3) Slurry casting and (4) Reactive processing [Clyne and Withers, 
1993].
In addition to the above techniques, many new or inexpensive techniques have been 
developed for the production of ferrous matrix composites. The majority of them 
include infiltration of preforms in vacuum casting processes (e.g. Fig. 2.11). The 
preforms contain the hard reinforcements and other reactive materials that are related 
with the matrix composition in order to help the chemical bond between the 
reinforcements and the matrix.
1
3
Vacuum 
system
Least mould, 2.iron melt, 3.mould core, 4.multihole pipe, 5.preform 
Figure 2.11 -  A schematic diagram of vacuum casting process [Zhou et al., 2003]
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2.6  T r ib o lo g ic a l B e h a v io u r  o f  M a te r ia ls
2.6.1 T y p e s  o f  W e a r
The mechanism of wear depends on the mechanical properties of the material. In a 
ductile material the main wear mechanism is related to the plastic deformation, where 
the hardness of the material is the primary factor that determines the material removal 
from the wear surface. However, in a brittle material the wear mechanism depends on 
fracture at, or near, the wear surface, where the factor that determines the wear rate is 
the fracture toughness [Hutchings, 1992].
The most common type of wear is the sliding wear, where a surface and another body 
slide over one another, bringing asperities into repeated contact, causing material loss 
from the surface. The basic relation that describes this type of wear is given by the 
Archard wear equation [Archard, 1953]:
w F
Q = —  (equ. 2.27)
where Q is the volume of material removed per unit sliding distance, F is the applied 
load, H  is the hairiness of the surface and w is a constant known as the wear 
coefficient. The constant w depends on local stresses, temperature and surface 
chemical effects (e.g. oxidation).
Another type of wear is abrasive wear. This is characterized by angular particles 
causing material loss over the surface by dragging or pulling out [Clyne and Withers, 
1993]. In abrasive wear the abrading particles can be fixed to or be part of the other 
surface (two-body abrasion) or can move freely between the two surfaces (three-body 
abrasion). When the abrading particles strike the surface freely, this type of wear is 
termed erosion [Clyne and Withers, 1993].
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2 .6 .2  W e a r  o f  M M C s  w ith  h a r d  re in fo rc e m e n ts
To improve the wear resistance of a material, additional phase/s can be introduced to 
either a ductile or brittle matrix material. However, the required mechanical properties 
of the reinforcement/s and their role will depend on the nature o f the matrix. 
Accordingly, a ductile matrix requires hard reinforcement to reduce wear since the 
presence of such reinforcement increases the hardness value in the system (i.e. 
reduces the penetration of the abrasive material). On the other hand a hard matrix 
requires a tough reinforcement in order to reduce the tendency o f the matrix to 
fracture.
In this study, due to the nature of the material used we must be careful with the 
terminology used since in our case we deal with a hard reinforcement (WC) but it 
would not be accurate to call a ductile matrix a white cast iron alloy with 3 % C and 
20 % Cr by weight. The above terms (brittle and hard) have any sense of truth only 
when we compare one material to another.
Concerning the nature o f wear on the surface of a MMC material there are three main 
abrasive wear mechanisms: (a) Ploughing, (b) cracking at the matrix reinforcement 
interface or of the reinforcement itself and (c) particle removal [Lee et al., 2002].
If the fracture toughness of the matrix/reinforcement interface exceeds the minimum 
toughness of either constituent (i.e. strong interfacial bonding) and the fracture in the
reinforcement is not favourable, then ploughing will be the main wear mechanism and 
consequently, the resulting wear debris will be small compared to the reinforcement 
size [Lee et al., 2002].
In practice, however, there are several factors that make failure to occur at the 
matrix/reinforcement interface or in the reinforcement itself. These factors deal with 
the weak nature of the interfacial bonding between the two phases due to chemical 
incompatibility, mismatch in thermal expansion and elastic properties at the interface, 
and presence of impurities and/or voids that arise during fabrication [White and 
Albers, 1996]. In this case, the abrasive medium action induces interfacial failure and 
debonding around the reinforcing particles. On the other hand, for a strong interfacial
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bonding and a low fracture resistance reinforcing particle, failure will occur at the 
reinforcement, which is often observed in composites under severe wear conditions 
[Zhang et al., 1995].
The hard reinforcements in a metal matrix cause reduction in the wear rate of the 
component due to the increase of the hardness of the material (see equ. 2.27). 
Furthermore, this improvement is not due to a reduction of the coefficient of friction 
but due to its increase, since the hard particles remain intact after being struck by 
abrading particles under conditions where an unreinforced material would have been 
ploughed out [Akutagawa et al., 1987].
Recent work [Zhou et al., 2003] on white cast iron matrix composites with WC 
particle reinforcements has studied the changes in wear rates (a self-made erosion test 
machine was used) for different carbide volume fractions for composites eroded by 
silica-rich-slurry. This study confirmed the superior properties of the composite 
material in wear as compared to the monolithic white cast iron. For up to 36 vol. % 
WC, the matrix could support the WC and the wear rate decreased. However, when 
the volume fraction of the reinforcing particles exceeded 42 vol. % the wear rate 
increased due to the lack of matrix material around the WC particle. This resulted in 
the pull-out of the WC particles by the high speed eroding material, before they got 
worn out (Fig. 2.12).
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Figure 2.12 -  Wear rates of cast iron composite materials for different volume 
fraction of WC particles [Zhou et al., 2003]
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Bems [2003], Bems and Koch [1999] and Bems and Franco [1997] studied the wear 
resistance (erosion tests using a pin-on-plate machine) of cast iron matrix composites 
where the size and spacing between the reinforcing particles was changed. At slow 
bending of the composite, in three point bend tests, the crack started from the hard 
particles of the composite material and propagated (Fig. 2.13a). Since the mechanical 
properties are strictly related to the length of the crack, the larger the size of the 
hard particles the smaller the strength of the composites. On the other hand, the 
toughness of the composite increased with increasing particle spacing. This was 
explained by assuming a given size of a stressed zone in front of the crack tip, where 
the small hard particles are bound to fracture leading to microcracks ahead of the 
main crack, which destabilize it. Thus, the larger spacing between coarse hard 
particles may locally restrict the stressed zone and increase the fracture toughness of 
the composite material (Fig. 2.13b).
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Figure 2.13 -  (a) Bending strength, Rb, versus hard particle (HP) size and (b) Fracture 
toughness, K]C, versus HP spacing [Bems, 2003]
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C h a p t e r  3
Experimental Work
3.1 D esign  o f  th e  M a te r ia l  U sed  in  th is  S tu d y
The material of this study can be described as a ferrous MMC, where the matrix is a 
white cast iron (WCI) and the reinforcements are carbides (both in situ and ex situ). 
These composites had to be produced using a liquid route involving casting.
The choice of the matrix and reinforcements to be used in this study had to take into 
account the requirements of industry and the mechanical properties that materials can 
offer at a certain cost level, in comparison with other alternative materials.
Materials with high wear resistance are required by the mining, cement and chemical 
and process industries, where some of the most erosive materials are the “flint”, which 
is a type of quartz (-1200 HV 0.05), “corundum” (-2060 HV 0.05) and “lignite” 
(brown coal) (-1000 HV 0.05). A comparison of toughness and hardness data for 
several materials relevant to this study is shown in Figure 3.1.
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Figure 3.1 -  Fracture toughness versus hardness of abrasive materials and hard phases 
in cast irons [Bems, 2003]
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The choice of the composite’s metal matrix was based on the requirements of high 
wear resistance and a certain amount of toughness from the reinforcements and the 
W CI matrix respectively. Besides, the matrix and the reinforcing particles must be 
tougher and harder than the abrasive material.
The emphasis has been given to the W CIs, since they are considered as the most wear 
resistant of all the ferrous alloys. The wear resistance of the W CIs depends on the 
hardness of the carbides and the type of the matrix in which they are present. 
Accordingly, unalloyed white cast irons develop a pearlitic matrix with eutectic M3C 
carbides, which tend to grow as an interconnected skeleton within the metal matrix 
(Fig. 3.2a). The hardness of these eutectic phases is « 1000 H V 0.05 and the matrix 
hardness ~ 550 H V 30.
On the other hand, in high Cr W CIs, the presence of M7C 3 primary and eutectic 
carbides dominates the mierostructure, depending on the value of Cr/C ratio in the 
melt. Additions of Cr from 8 to 26 % and C from 2 to 3.5 % (wt. %) give an increase 
in hardness of M7C 3 carbides from 1250 to 1650 H V 0.05. At the lower end of the 
Cr/C ratio, the M7C 3 can be found to be surrounded by an M3C layer, while at the 
higher lim it a decrease in the hardenability of the matrix is expected due to the 
decrease in the amount of retained austenite in the matrix. In contrast to the eutectic 
M3C skeleton, the M7C 3 eutectic consists of individual hard particles (HP) (Fig. 3.2b) 
embedded in a continuous metal matrix. This morphology improves the crack 
initiation in service at all carbon levels. If  the Cr/C ratio is higher than 7.2 the as-cast 
microstructure may consist of 1 0 0  % austenite, which is decomposed to pearlite and 
secondary carbides by annealing before hardening and tempering. The raising of 
hardening temperature increases the hardness of martensite as well as the 
austenite/martensite ratio. At about 20 % retained austenite a hardness of ~ 850 HV 
30 is reached.
Additions of Nb and V  in high Cr W CIs, increase even more the hardness of the hard 
phases from 2000 to 3000 H V 0.05. These are bulky primary cubic metal carbides 
(Fig. 3.2c) and are used to replace the elongated primary M7C 3 carbides in the 
hypereutectic irons [Berns, 2003].
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Figure 3.2 -  (a) Hypoeutectic high Cr WCI with metal dendrites (MD) surrounded by 
a net-like eutectic (E) carbides, M7C3 (1 pm), (b) Hypereutectic high Cr WCI with 
primary carbides (P) (10 pm), (c) primary metal carbides P, in a eutectic E, by 
alloying Nb and V, (d) MMC with large hard particles (HP) (80 pm) dispersed in 
metal matrix and (e) MMC with HP clusters dispersed in metal matrix (double 
dispersion) [Berns, 2003]
3.1.1 T h e  M a tr ix
A cast iron matrix was chosen because of the excellent wear properties of cast irons 
and because carbide reinforcements would enable us to exploit the presence of in situ 
and ex situ carbides in the WCI microstructure. The specific WCI alloy that was used 
in this study is the most suitable according to the literature for applications such as 
pump cases and grinding mill grinders, where heavy abrasion and erosion take place.
In this study, two more high Cr WCI alloys have been used, in addition to the 20 % 
Cr-Mo-LC. These are the 15 % Cr-Mo-LC and 25 % Cr WCI alloys with their 
nominal composition given in Table 3.1.
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Table 3.1 -  Nominal compositions of high Cr WCI alloys*
WCI alloy
Elements (wt. %)
C Si Mn Cr Cu Mo Ni P S
15%
Cr-Mo-LC
2.4-2.8
1.0
max
0.5-1.5 14.0-18.0
1.2
max
1.0-3.0
0.5
max
0.1
max
0.06
max
20%
Cr-Mo-LC
2.0-2.6
1.0
max
0.5-1.5 18.0-23.0
1.2
max
1.5
max
1.5
max
0.1
Max
0.06
max
25 % Cr 2.3-3.0
1.0
max
0.5-1.5 23.0-28.0
1.2
max
1.5
max
1.5
max
0.1
max
0.06
max
* Nomina compositions are given in accordance to the ASTM A532-75a [V etals
Handbook, 1980a]
The decision to study these materials was based on the need to study the effect o f the 
Cr content on the microstructure of the MMC and the effect of the latter on the wear 
resistance of high Cr WCI-WC reinforced composite materials.
3 .1 .2  R e in fo rc e m e n ts
As discussed above, the WCI matrix was chosen so that (among the other reasons that 
have already been given) it could be reinforced with carbides. We had to make a 
choice between carbides that are expected to be thermally stable in a WCI melt and 
their density to be higher than that of the melt. The choice had to be made between 
matrix, silicon, chromium, tungsten and titanium carbides, keeping in mind the 
requirement for enhanced wear properties of the composite, the need for the carbide to 
be incorporated in the WCI matrix both “mechanically” and “chemically”, the costs of 
carbides, their availability in the market and health and safety issues.
As will be shown in the next chapter, all the above carbides can be engulfed by the 
WCI melt. The SiC and TiC were not selected because of their densities (3.17 and 
4.93 g/cm3 respectively), even though both have high hardness and good thermal 
stability. Furthermore, the Cr3C2 was not chosen because of the need to enhance the 
wear of the composite. Thus, the reinforcement chosen for this study was WC. This 
choice was also influenced by the following properties of WC.
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Tungsten carbide (WC) is stable in air to 700°C, it is decarburized when heated in 
hydrogen and is not attacked by N2 even at high temperatures. The W2C is attacked by 
CI2 at 300-400 °C, but WC is unaffected. Dilute 1:4 HNO3 + HF will dissolve W2C at 
room temperature and WC after the solution has been heated. Most hardness 
measurements for these carbides (W2C, WC) were made in the middle 1940s when 
the technique was less accurate. Consequently, there is rather poor consistency 
between the earlier values. MdfeTecently, Jones reported 2250 DPH for WC when 
W2C was present, while ICieffer and Kolbl measured 3000 kg/mm2 (50 g load) for 
W2C when WC was present. On the other hand, Dolloff and Sara give 1450 and 2085 
kg/mm2 as being representative hardness value of W2C and WC, respectively, 
[referenced by Storms, 1967]
The reinforcing particles that were used in this study were supplied by DURMAT 
with code name DURMAT-WC-IV. According to the information provided by the 
company, the DURMAT-WC-IV is produced from specially selected, uncoated, 
cleaned and straight WC/Co hard-metal material grades. The WC/Co is carefully 
crushed and classified to avoid contamination from iron, chromium and other 
elements. Hardfacing with DURMAT-WC-IV has two advantages: a) concentrated 
wear protection for the area receiving maximum wear and b) easy application of an 
extremely hard and abrasion resistant protective surface in highly stressed areas.
The typical chemical composition (wt %) of DURMAT-WC-IV is: C tot = 5.3-5.8 , Co 
= 6-10, Ta = 0.5, Ti = 0.5 and W (balance). Its density varies between 14.2 and 14.8 
g/cm3. Thus, the density of the WC is twice that of liquid iron (7.0 g/cm3).
3 .2  T h e  “ D ra w e r  C a s t in g ” : E x p e r im e n ta l  B a c k g ro u n d  a n d  D esign
3 .2 .1  E x p e r im e n ta l  B a c k g ro u n d  o f  th e  M e th o d
The selection of the method used in the research described in this thesis for casting the 
materials studied, was based on the results of many experiments, which were made in 
the foundry of the GMC factory (member of GMC Group) that is located in northern
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Greece, as part of the program: Surface Hardening o f Double Cast MMCs. The mould 
used had two individual running systems where each of them filled fully the cavity 
that formed the substrate material in the final cast product. The first running system 
had the gates at the bottom of the mould while the gates of the second one were 
placed at the level where the melt, which entered from the first runner, stopped. The 
final cast component consisted of a hard substrate from WCI (the working surface of 
the product, which is used for wear resistant applications) and a “soft” top one from 
mild steel. The challenge was to find a method to incorporate uniformly ultra hard 
particles, like WC, in the hard substrate in order to increase further the wear resistance 
of the double cast component.
The initial idea was to “fix” the carbides at the bottom of the mould, where would be 
the working surface of the component. The desirable amount of carbides was placed 
first in the bottom of the mould and then on top of them a thin wire netting of steel (1 
mm in thickness) was fixed. The carbide layer and the steel net were then nailed 
together carefully at the bottom of the mould with thin long nails in order to avoid 
damage of the mould’s wall. During casting it was noticed that, tfye reinforcing 
particles were pushed to one side of the bottom surface by the liqufd flow, which was 
strong near the gates and continued until the cavity of the first substrate had been fully 
filled (then the casting continued from the second runner). The thin wire netting; 
melted after a couple of seconds and the reinforcing particles experienced the pressure 
from the liquid flow and were displaced. Attempts to change the speed o f the liquid 
flow lead to premature freezing at regions between and around the particles, 
especially when the concentration of the particles was increased.
Since this method failed to achieve a uniform distribution of the reinforcements in the 
working surface of the cast component, it was decided to position the net with the 
reinforcing particles at the top of the mould. In this ease the working surface of the 
cast product would be at the top of the mould and any displacement of the particles by 
the liquid flow would be minimal. However, the feeding rate had to be high enough in 
order to avoid the premature melting of the steel net and the scattering of the 
reinforcing particles in the melt. For this reason, a chill plate was placed at the top of 
the mould in order to “freeze” the molten metal after it made contact with the 
particles. Unfortunately, even in this case we did not manage to avoid the incomplete
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feeding of liquid in the carbide regions 
reinforcements.
Defect
Figure 3.3 -  Incomplete feeding of liquid in cast component
Following this failure, a new method was proposed. According to this method an Al 
foil was nailed at the top of the lower part of the mould and the reinforcing particles 
were distributed by hand over the foil uniformly. Then, the cope flask was placed and 
the mould was closed with two double guide pins and was ready for casting. When the 
volume of the reinforcement was high, thin steel supporters were used below the foil, 
to avoid it bending owing to the carbide weight (pwc = 14500 kg/m3). The results 
showed that the reinforcing particles were incorporated very well in the matrix, since 
a chemical bond was formed but a uniform distribution could not be achieved because 
of the buoyancy force that the foil experienced from the melt, which displaced the 
particles from their original positions. Besides, some of the carbides did not manage 
to travel all the way through the melt to reach their destination, because of the 
premature freezing of the melt.
To solve these problems, further changes were proposed including the use of 
Aluminium “drawers” and of exothermic material at the bottom of the mould. The 
final design was called the Drawer Casting.
41
CHAPTER 3 EXPERIM ENTAL WORK
3.2 .2  D esig n  a n d  M o u ld in g  P ro c e s s
The sand used to prepare the mould was silica sand (alternative sands can be used like 
chromite or olivine or zircon sand). The binder of the sand was a phenolic resin with a 
catalyst (alternative choices could be the hydraulic cement or waterglass with CO). 
The patterns were made of wood as well as polystyrene foam in the pattern shop and 
then sent for moulding.
The pattern was molded in two slip flaslcs (cope and drag), see Figure 3.4. On the part 
o f the pattern that was molded in the drag flask, straight rods were attached at a 
specific slope, according to the shape and geometry of the pattern. The thickness of 
these rods was fixed and was equal to the thickness of the drawer (metallic foil). 
These rods printed on the sand the supporting grooves (blue lines in Figure 3.4a) that 
hold the metallic foils. The dimensions and the slope of the foils were designed so as 
to ensure that the projection of the foils covered completely the area of the bottom of 
the mould. Each of the rectangular flasks had an individual running system in order 
for the component to be double cast. Before closing the flasks, the metallic foils were 
drawn inwards into the supporting grooves and filled with the reinforced particles, 
which were spread uniformly on the surface of the foils. At the bottom of the mould’s 
cavity exothermic sand* 1 was molded (red shaded areas in Figure 3.4a), which kept 
the temperature and therefore the fluidity of the melt at the right level during the 
introduction of the reinforcing particles into the melt. After putting the two flasks 
together the mould was closed with two double guide pins, and the component was 
ready for casting (photos of the pre-casting process are shown in Appendix A.4.1) 
[Kambakas, 2003].
*' The exothermic sand used in this study was a blend of aluminum (Al) and hematite (Fe20 3) the reaction 
(known as Thermite reaction) of which is highly exothermic, producing aluminum oxide, iron and heat
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(b)
Figure 3.4 -  (a) Cross section and (b) top view of the mould with drawers, where 1 
and 2 are the sprue while a and b are the gates of each of the running systems. At 
point 3 is the riser of the mould and at 4 is the observation orifice.
3 .2 .3  M e ltin g  a n d  C a s tin g  P ro ce ss
The melts of the steel and white cast iron were prepared in two different basic-lined 
electric arc furnaces of the Herould type. The pouring temperature for the white cast 
iron was 1350°C and the molten metal had high fluidity while for the steel the pouring 
temperature was 1550°C to ensure high fluidity of the melt.
The white cast iron was cast from runner 1 until the melt reached the top of the 
observation orifice (point 4 in Figure 3.4b), which was at the level where gates 2a and 
b started and filled indicatively with metal. At this stage the casting of the white cast
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iron stopped. This was followed by the pouring of the steel melt in the top mould. The 
steel was cast from runner 2 after a delay of 2-4 minutes from the end of the casting of 
the white cast iron, when the temperature of the cast iron substrate was about 1100°C. 
This ensured that a physical bond was developed between the two layers.
Drawer
Gate
(b)
< >
1 0 0  mm
Figure 3.5 -  Component’s profile after casting viewed (a) from the side of gates la 
and b and (b) from the opposite side of the gates
The casting was shaken out of the mould after 24 hours, since for the white cast iron 
the cast is required to cool down slowly in the mould in order to avoid crack 
formation from thermal shock as well as to avoid the formation of pearlite instead of 
austenite. Austenite can be transformed to martensite. The martensite presence is used 
to improve the wear resistance of the component, by increasing the hardness in the 
final microstructure (see section 2.4.3).
100  m m
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3.3  H e a t  T re a tm e n ts
The gates and the risers were “knocked-off” the casting and the component was then 
heat treated. The as-cast hardness o f the cast component was in the range 50 to 54 
HRc (526 to 593 HV).
Because of its immense brittleness, the specimen had to be annealed to become 
suitable for machining without the danger of crack formation [Metals Handbook, 
1980c].
The annealing heat treatment before machining involved the following steps:
® Anneal the casting by heating it in a furnace slowly to 950°C.
® Hold the casting at the above temperature for at least 1 hour.
© Reduce the temperature to 816°C and then cool slowly to 593 °C in the furnace
at a rate not exceeding 38°C/h.
© Cool below 593 °C in the furnace or in still air.
The hardness of the annealed casting was in the range 38 to 43 HRc (370 to 428 HV).
To make this component appropriate for wear resistant application, hardening of the 
matrix was done by quenching. The quenching heat treatment involved the following 
steps:
© Heating in a furnace slowly to 1000°C.
• Soaking at this temperature for about 4 hours (1 hour per inch),
• Removing the casting from the furnace and air cooling it with free circulation
of air around the casting.
© Stress relieving at 204-260°C.
The hardness of the air-quenched and stress relieved component was in the range 60 
to 67 HRc (715 to 903 HV).
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3 .4  C h a r a c te r iz a t io n  o f  th e  M a te r ia ls
3.4 .1  S p ec im en  P r e p a r a t io n  f o r  L ig h t  M ic ro sc o p y  a n d  E P M A
For this study several moulds were cast. Each mould gave two cubic samples (edge 
size = 10  cm). The size of each sample had to be large enough in order to ensure large 
heat content for the melt for premature freezing to be avoided. As will be discussed 
below, solidification of the materials plays a significant role in the sedimentation 
process of the carbides and in defining the final microstructure of the composite.
Specimens were cut for microstructural characterisation from samples taken from the 
moulds. The samples were cut using a STRUERS Discotom-2 cutting machine and a 
bakelite bonded diamond cutting wheel. The samples were ground and polished 
according to the procedures given in Tables 3.2 and 3.3 using STRUERS Planopol-2 
and Pedemax-2 grinding polishing machines.
Finally, the samples were etched for approximately 9 seconds with VILELLA* 2 
etching solution before taken for light microscopy studies, with a ZEISS Axiophot 
optical microscope.
Table 3.2 -  Grinding process
Specimen holder 6 specimen
Disc/cloth Diamond pad
Grinding media Metal bonded Metal bonded Metal bonded Resin bonded
Grit/grain size 
(pm)
125/75 40 20 30/10
Lubricant Water Water Water Water
Speed
(rpm)
300 300 300 300
Pressure
(N)
240 240 240 240
Time
(min)
Till plane 2 2 2
*2 VILELLA’s composition: 1 g picric acid, 5 ml HC1 and 100 ml methanol
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Table 3.3 -  Polishing process
Specimen holder 6 specimen
Disc/cloth DP-DUR DP-DUR DP-DUR OP-CHEM
Grinding media Diamond spray Diamond spray Diamond spray OP-U
Grit/grain size (pm) 6 3 1 0.25
Lubricant Blue Blue Blue -
Speed (rpm) 150 150 150 150
Pressure (N) 150 150 150 150
Time
(min)
5 5 2
0.5 + 10 sec 
with water
3 .4 .2  E le c tro n  P ro b e  M ic ro -A n a ly s is  (E P M A )
The EPMA instrument used in this study was a JEOL JXA-8600 SUPERPROBE. A 
specimen holder was used to move the samples mechanically relative to the electron 
beam in the X, Y (traverse) and (Z) (height) directions using encoded motor stage 
drives.
The electron beam was focused to ~ 0.5 jam diameter on the specimen. The 
microprobe was equipped with energy dispersive (EDS) and wavelength dispersive 
(WDS) spectrometers. The EDS elemental maps and line scans in the white cast iron 
matrix and in the MMC regions were also performed by using the EPMA.
The microprobe was connected to a computer where the Link Isis software processed 
the X-ray data collected by the spectrometer, doing the necessary ZAF corrections (Z: 
atomic number, A: absorption, F: fluorescence) and calculated the composition of the 
scanned area. Pure cobalt standard was used to calibrate the analyser while for the 
analysis o f the W-rich carbide phases the calibration was done using a WC standard. 
High purity Fe, Cr, Mo, Si, Mn, Ni, Cu, C, W, Co and Ti standards were used in order 
to give a correction to our measurements of ± 1.5, 1.1, 1.1, 1.5, 1.6, 1.2, 0.8, 5.7, 0.7, 
1.0 and 0.7 respectively in each element.
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The accelerating voltage used to analyse the MMC samples and the virgin carbide 
reinforcements was 15.0 keV. A suitable electron beam current was used for EDS in 
order to give us “dead time” below 20 % and for WDS to get sufficient amount of X- 
ray counts. Attention was given during quantitative analysis to the dimensions of the 
scanned area so that the special resolution at 15 keV (1 pm) would not be bigger than 
the area (phase) of our interest [Goodhew et al., 2000]. The size of the interaction 
volume was calculated by the equation 3.1, which gives the electron penetration in a 
material:
R = —  £ ( , .H « - 0 .0 M 4 k / O  ( £ q u  3 1 }
P
where R is the electron penetration (in pm), E is the primary electron energy (in MeV) 
and p is the density of the material.
For comparable quantitative analyses of the materials manufactured using the method 
described in section 3.2, it is important to consider the formation of the 
microstructures in the MMC region. There were sections where the extent of the 
reaction zone (see below) was more extensive than in other regions due to the higher 
concentration of WC particles in that region. However, the size of the reinforcing 
phase was used in this study is so large (1-5 mm) that it was not difficult to find fairly 
homogenous microstructures. For the analyses, cross sections of the MMCs were used 
rather than talcing a section from the working surface of the component where the 
particles’ distribution was more uniform. Therefore, for the quantitative analysis areas 
with similar concentration in reinforcing phases were chosen.
V
3.4 .3  X -R a y  D iff ra c tio n  (X R D )
The XRD analysis was performed on a Philips X-ray diffractometer using Cu 
radiation at a voltage of 40 lcV and a current of 25 mA with a step size of 0.1 degrees. 
A comparison between the d-spaces (and relative intensities) of the spectra with those
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given in the JCPDS files (see Table A 1.7 in Appendix A l) allowed the identification 
of the phases present in the matrixes and in the MMCs.
3 .4 .4  H a rd n e s s  T e s tin g
The hardness measurements were performed on a INDENTEC Rockwell hardness 
testing machine where a diamond indenter was used with a load of 150 kg (HRc).
3 .5  W e a r  T e s ts  u s in g  th e  P in -O n -D isc  (P O D ) M e th o d
Two sets of samples were prepared for the tribological tests. The two sets differ in 
chemical composition (see Table 3.5) and are identified as 15 % Cr-Mo-LC and 20 % 
Cr-Mo-LC in Table 3.4. Furthermore, the samples of each set differ from each other 
regarding the volume fraction of carbide reinforcements, carbide particle size and heat 
treatment.
Table 3.4 -  Wear test specimens
Set
High Cr 
WCI 
Matrix
Sample
No.
Description
Heat
Treatment
Carbide 
Particle Size
Mass of 
Reinforcements
Volume
Fraction
1 As-Cast 1-3 mm 190 g 40%
lb As-Cast N/A+ N/A N/A
iq QHT* 1-3 mm 190 g 40 %
Iqb QHT N/A N/A N/A
1 - 15% 2 As-Cast 1-3 mm 280 g 60%J.
Cr-Mo-LC 2q QHT 1-3 mm 280 g 60%
3 As-Cast 3-5 mm 190 g 40%
3q QHT 3-5 mm 190 g 40%
4 As-Cast 3-5 mm 280 g 60%
4q QHT 3-5 mm 280 g 60%
5 As-Cast 1-3 mm 190 g 40%
5b As-Cast N/A N/A N/A
.....5q... QHT 1-3 mm 190 g 40%
5qb QHT N/A N/A N/A
'J 20% 6 As-Cast 3-5 mm 190 g 40%Ad
Cr-Mo-LC 6q QHT 3-5 mm 190 g 40%
7 As-Cast 1-3 mm 280 g 60%
7q QHT 1-3 mm 280 g 60%
8 As-Cast 3-5mm 280 g 60%
8q QHT 3-5 mm 280 g 60%
* QHT: Quenching heat treatment, see section 3.3, + N/A: Not Applied
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Table 3.5 -  Actual compositions of the WCI alloys used in the wear tests+
WCI alloy
Elements (wt. %)
C Si Mn Cr Cu Mo Ni P S
15 % Cr-Mo-LC 2.3 0.4 0.8 14.3 0.6 0.1 0.3 0.02
20 % Cr-Mo-LC 2.5 0.5 0.7 19.6 0.9 0.8 0.4 0.02
+ Analysis using mass spectrometer
A high temperature Pin-On-Disc (POD) tribometer, manufactured by Centre Suisse 
d’Electronique et de Microtechnique S.A (CSEM), was employed for the tribological 
testing in accordance with ASTM G 99-04. Initially, ‘exploratory’ POD tests were 
performed for setting the base testing parameters. Then all the parameters (load, linear 
speed and test duration) were kept constant. The surface roughness of the inserts was 
also evaluated by profilometry [Asimides, 2005].
The POD tests were performed for the two white cast-iron sets against AI2O3 counter 
body. The counter body material was ball-shaped with a diameter of 6  mm. The 
testing parameters are given in Table 3.6. Point contact of the ball with the wear 
surface was considered for the wear test (i.e., wear of the ball was not considered) 
while the wear of the counter body was not included in the calculations for the wear 
coefficient. In practice the surface stresses and the load distribution at the surface of 
contact between the counter body and the specimen change continuously during the 
wear test due to the wear of both surfaces.
The wear coefficient, w, was calculated using the following equation from the ASTM 
G 99-04 which is based on equation 2.27:
Aw 7C D
w = —  — (equ. 3.2)
F d1 u tot
where F  is the applied load, dtot is the total sliding distance, Aw is the wear area and 
Dw is the wear track diameter. The Aw, and Dw values were measured using a pin 
profilometer manufactured by HOMMELWERKE.
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Table 3.6 -  POD test parameters
F
(N)
Linear Speed 
(m/s)
Rotate Speed 
(rpm)
Temperature
(°C)
Av
(m)
Cycles dm
(m)
Humidity
(%)
10 0.5 477 RT+ 0.02 30000 1885 65
+ RT: Room temperature
The samples that were prepared for the wear tests showed in their majority lack of 
homogeneity in reinforcements at their working surface while in those that had 
homogeneity, cavity shrinkages were found in the carbide reinforced region. The main 
reason for the shrinkages was the insufficient thermal field in the region where the 
carbide sedimentation occurred. The exothermic pad that was used in this case had 
low modulus and could not supply the melt with enough heat in order to feed the 
inter-carbide spaces. It should be mentioned that the modulus of the exothermic pad 
that was used for the production of the wear samples, could cover a volume fraction 
of carbide reinforcements up to 40 % (like in the previous samples). In some of the 
samples the volume fraction goes up to 60 % and is at those samples that shrinkages 
were observed. Besides, the flat exothermic pads that were used are parts of 
commercial thermal heads (covering a certain range of castings) and therefore exact 
calculations of the modulus are practically difficult.
3 .6  C a se  S tu d y : P u lv e r is e r  B a n k  P la te s  o f  A sh  M ill
In this project a commercial component for the cement industry was manufactured 
from the studied composite material (WC-High Cr WCI), in 1:1 scale. The component 
is described as pulveriser bank plate of ash mill. These plates are segments of a 
circular bank upon which two round wheels are moving, pulverizing hard coal 
(anthracite)*3. Each bank consists of 6  segments each of 525 kg weight. These plates 
used to be made of high Cr WCI so it was a good case to compare the two materials in 
action. The company that decided to change the standard material of their component 
and use the proposed material instead, is A.G.E.T HRACLES a member of the 
LAFARGE Group in Greece.
*3 The chemical composition of hard coal is: S = 0.5-1 %, ash = 10-15 % (wear element) and volatile elements = 
20-40 % by weight. The rest 40-45 % is remnants from the distillation of petrol.
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The commission of 1 whole bank (total weight 3.4 t) had been secured to be made of 
the material with the following description [Maliaros, 2004]:
Table 3.7 -  Material description
Component
Pulveriser Bank Plates of Ash Mill for A.G.E.T HRACLES 
The set consists of 6 plates
Drawing no. 2016-0077F
Materia]
description
The substrate of the component will be made of GS-52 steel and the upper layer will 
consist of DUCRODAN C with the following chemical composition (wt. %):
C = 2.6-2.9, Si =0.4-0.9, Mn = 0.6-0.9, Cr = 18.0-21.0, Mo = 1.4-2.0, Cu = 0.8-1.2, 
P = 0.06, S = 0.05
At the surface of the overlayer, Tungsten Carbide (WC) particles will be settled at 5 
mm depth.
After casting, the component was annealed before machining the surface areas of the 
guiding holes and base of the plate. Finally, the component was quenched and 
tempered.
3 .6.1 D esig n  a n d  P ro d u c t io n
The bank was manufactured at the GMC factory in North Greece (member of the 
GMC Group). The design of the mould and the casting procedure considered for the 
complex geometry of the segment were done entirely by the author of this thesis. The 
segment consisted of two channels into which the hot ash flows and is pulverised by 
the wheels. Therefore, the surfaces of those channels had to be reinforced with WC 
particles to resist the wear. The original engineering drawing of the segment is given 
in the Appendix A5.
The design of the mould was based on the Drawer Casting method. In order for the 
reinforcing particles to be able to settle uniformly at the curved cavity’s bottom 
(curved because it assumes the shape of the channels of the cast component during 
moulding), the foil that holds the particles had to adopt the shape of the curved
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surface and be bended. The formed foils were placed 20 mm above and along the 
curved surface.
The mould consisted of 2 running systems, one at the drag and one at the cope flask. 
The drag running system included three channels and each channel had 3 gates while 
the cope included 1 channel with three gates. This was the case because the drag 
running system must secure the uniform entrance of the melt at the bottom of the 
mould since the latter would determine the distribution of the reinforcing carbide 
particles.
The modulus of the casting was calculated (M = 7 cm) and the appropriate thermal 
head used. Exothermic pads were moulded at the bottom of the mould to keep the 
temperature of the melt at the right level during the sedimentation of the particles. 
However, in the region where sedimentation of the WC particle takes place the 
modulus was calculated as for a separate section from the rest of the casting in order 
to ensure that the chill effect from the entrance of the carbides would not affect the 
sedimentation of these particles.
/
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4.1 N u m e r ic a l M o d e llin g
In science, the simulation of physical phenomena is very common; especially in cases 
where many or any experiments are not feasible i.e. the simulation gives the ability to 
the scientist/user to predict, with a relative accuracy, phenomena that occur in systems 
that s/he cannot approach with experiments. Besides, through simulation the user is 
able to produce data, which can be used for comparisons or other applications, since 
s/he can examine the theoretical behaviour of more than one system.. The study 
described in this chapter refers to the schematic and the thermodynamic simulation of 
an alloy, which experiences a cellular-dendritic solidification, in the presence of a 
third phase.
4.1.1 M o d e llin g  o f  D e n d r it ic  S o lid if ic a tio n  F r o n t  a n d  P a r t ic le  
I n te ra c t io n
Following the pouring of the melt in the mould solidification starts with the 
nucleation of solid phase nuclei and their growth. The S/L front can be planar, cellular 
or dendritic under the conditions prevailing in the casting of ingots. The transition 
from planar to cellular dendritic solidification can be understood with the help of the 
constitutional supercooling criterion [Chalmers, 1964], see also section 2.1.2. As 
solidification proceeds the cellular/dendritic structure establishes itself. In a melt 
where solid particles are introduced, the interaction of the cellular/dendritic structure 
with the particles would determine how the particles are incorporated in the solidified 
structure. The phenomena related with this interaction have been studied by different 
researchers mainly in nonferrous melts reinforced with SiC particles. This work has 
been recently reviewed by Stefanescu [2002]. The models that are currently available 
consider the dynamic and geometrical interaction of the particle with the S/L front.
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4.2 A  M o d e l o f  th e  In te ra c t io n  b e tw ee n  C a r b id e  P a r t ic le  a n d  S /L  
In te r f a c e
The solid particle starts its motion in the melt from the position that it is placed in the 
mould. The particle is considered to move through the hot liquid and finally to meet 
up with the approaching S/L interface where it may be: (a) pushed by the 
solidification front, (b) engulfed in the front or (c) initially pushed by the front for a 
while and then engulfed or entrapped by dendrite arms. In the case o f a PRMMC, 
which is the one that has been studied to date extensively, modelling has attempted to 
establish the conditions that are necessary for the micron size SiC reinforcing particles 
to be homogeneously distributed in the metal matrix at the end of solidification. 
Pushing of the particle will give rise to phenomena like particle depletion or 
accumulation in localized areas of the material.
In this study a number of models were used to predict when the reinforcing particles 
will be engulfed into the solidification front for a specific particle/matrix system. The 
system of our interest is that of White Cast Iron matrix reinforced with carbide 
particles.
4.2.1 F o rc e  A n a ly s is  o n  a  S p h e r ic a l  P a r t ic le
The geometry of the sphere has been chosen to simulate the geometry of the particle 
even though the geometric characteristics of carbide particles are far from those of the 
sphere, since the former are characterized by multi-facetted structure.
A spherical particle that approaches an advancing S/L interface of velocity Vs/l 
experiences several forces, some of which contribute to its vertically downward 
motion, i.e. to its engulfment, and others which oppose its movement (pushing) 
[Omenyi and Neumann, 1976]. A schematic representation of these forces is shown in 
Figures 4.1 and 4.2.
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x
Figure 4.1 -  Schematic diagram of the interaction between a spherical particle and a 
vertically growing S/L interface [based on Stefanescu, 2002]
Figure 4.2 -  Schematic diagram of the interaction between a particle and a sloping 
S/L interface [based on Stefanescu, 2002]
The forces that oppose the engulfment of the particle by the approaching S/L interface 
are the lift force Fi, from the S/L interface and the repulsive force Fj, from the S/L 
interface because of the variation in the free energy of the two surfaces (particle- 
interface). On the other hand, forces that favour the engulfment of the particle are the 
drag force Fd, of the solidification of the interface and the gravity force Fg, o f the 
particle. Besides, there are two liquid flows in the vicinity of the interface: The liquid 
flow parallel to the interface with velocity Vi induced by natural convection and the 
flow into the interface at velocity Vs/l induced by solidification.
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The formulation of the forces, which act on the particle, is related to, several 
parameters such as the properties of the particle and the medium in which it travels, 
the distance of the particle from the S/L interface, d , the size of the particle (radius of 
the particle, rp) etc. However, before starting the formulation it is necessary to set the 
conditions under which this action takes place. Accordingly, we assume that:
a) The advancing S/L interface is planar,
b) d  «  rp and
c) The interface grows with a steady-state velocity Vs/l 
(see also Fig. 4.3 for d  and rp).
The gravity force is
4 ,
Fs nTP AP 8  (equ. 4.1)
where rp is the particle radius, Ap is the density difference between the molten metal 
and the particle (= pL -pp ) and g  is the acceleration due to gravity.
The drag force is
r 2
Fo = 6  n n  VS,L - J  k 2 (equ. 4.2)
where p is the melt viscosity, Vs/l is the steady state velocity of the S/L interface and ic 
is the thermal conductivity ratio (= KP/KL) [Zubko et. al., 1973].
The interfacial force
The interfacial energies between the solid and the liquid phases os/l, the solid and the 
particle os/p  and the liquid and the particle a L/P, result in the interfacial force, which 
acts on a particle approaching the S/L interface:
Fj = 2  tv rp A ct (equ. 4 .3 )
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where Ag is the free energy at a distance d  from the interface (-A<r0 
[Shangguan et al., 1992]. Thus
f  \ n an
Fj = 2 ti rp Acr0
( \ n an
\ ao + d  j
(equ. 4.4)
where Ago is the interfacial energy difference (= gs/p -  gs/l ~ <?l/p), cio is the distance 
between the particle and the interface just before engulfment and the exponent n is an 
experimentally determined constant that varies between 4 and 5.
The lift force is
FL ~F s + Fm (equ. 4.5)
where Fs and Fm are the lift forces of Saffman and Magnus respectively. Fs is the lift 
force acting on a rigid sphere translating parallel to the streamlines of a unidirectional 
linear shear flow [Saffman, 1965]:
Fs = 6.46 V j r pK  + L  ( e q u . 4 .6 )
v p  dy
where Vrei is the velocity of the particle relative to the liquid and (dVLx /  dy) is the 
average liquid velocity gradient over the particle diameter.
Fm is an additional lift force due to the rotation of the particle [Saffman, 1965, 
Rubinow and Keller, 1961]:
Fm = \ C m  p L V) n (^equ. 4.7)
and
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CIM= 2 r p f -  (equ. 4.8)
v rel
where Cim is the Magnus coefficient, Vp is the velocity of the particle and co is the 
angular velocity of the particle.
4 .2 .2  In te r f a c e  D e fo rm a tio n  d u r in g  M o v e m e n t o f  th e  P a r t ic le
Using Figure 4.3, one can calculate the change in the shape of the interface as the 
spherical particle approaches it. In this case, when the particle reaches the distance d 
from the interface it is assumed to be in the interface isotherm of the melt’s melting 
point Tmeit, which appears in the range of 0 to d  + rp relative to the S/L interface 
[Shangguan et al., 1992]:
Tl[x = 0, z  = -  (rp + d)]= Tmeit (equ. 4.9)
where 7® is the temperature of the bulk of the liquid (matrix), r = rp + d  and x and z  
are the axes of the coordinate system with origin the center of the spherical particle.
T = T  -L x 0 1 + 2 + k \ r
G rp cos 6 (equ. 4.10)
Therefore, in the isotherm
r _ = I i - G ( r , + r f ) f  1 + J (equ. 4.11)
r 0 = r„,e/,+ G ( r ;, + r f ) f i + 1 (equ. 4.12)
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where To is the temperature of the S/L interface, k is the thermal conductivity ratio, G 
is the temperature gradient, 6 is the angle between the rp and the interfacial curvature 
radius, Rj and a, b are coefficients.
A Z
X
S/L
Figure 4.3 — Geometrical analysis of the interfacial deformation by a spherical particle 
[based on Sen et al. 1997]
By substituting equations 4.11 and 4.12 in equation 4.10 and solving for 6 = 0 at x = 0 
(i.e. at the center of the spherical particle) the radius of the interfacial curvature is 
[Sen et al., 1997]:
2a — b 
3 a
(equ. 4.13)
where a and b are the experimental coefficients:
a - i - K  
2 + ic
(equ. 4.14)
and
b = 1 +
V V p J )
(equ. 4.15)
Thus, the interfacial deformation during the particle’s movement can be calculated for 
reinforcing particles o f different properties and sizes.
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In the two dimensional model described above, the numerical solution of the 
interfacial radius is expressed as a function of the thermal conductivities of the liquid 
matrix and the solid reinforcements, which influence the temperature gradient ahead 
of the S/L interface. The thermal conductivities between the liquid and the solid 
matrix are considered to be the same.
The equations 4.13, 4.14 and 4.15 show that for ic >1 the Rj >0. For positive values of 
Ri a trough is formed on the interface, which results in  the engulfment o f the particle 
(Fig. 4.4a and b).
On the other hand, when ic < 1 the Rj gets negative values, at which the interface is 
deformed in the opposite direction than before forming a perturbation (bump) on the 
interface, which results to the pushing of the particle (Fig. 4.4c, d and e).
.  (d)
Figure 4.4 -  The calculated shape of the S/L interface for different thermal 
conductivity ratios, /c, at a given d. (a) 7c = 1 1 .1 , (b) ic = 2 .0 , (c) ic = 1 .0 , (d) k = 0 .5  and 
(e) ic = 0.06 [Shangguan et al., 1992]
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4.2 .3  In te ra c tio n  o f  th e  C a rb id e s  w ith  th e  S /L  In te r fa c e :  R esu lts  a n d  
D iscu ssio n
To represent the geometric change of a S/L interface in the presence of a spherical 
particle, the thermo-physical properties (thermal conductivities) of the parent matrix 
(WCI) and three different carbides (WC, Cr3C2 and TiC) were used as data for the 
model described in the previous section (see Table 4.1). The model considered a range 
of radii of the reinforcing particles, as well as a range of hypothetical values of gap 
dimension between the particle and the interface. The results of the calculations are 
shown in the Figures 4.5 to 4.7.
Table 4.1 -  Thermal properties of carbides
Metal/Carbide
Thermal conductivity 
(W/mK)
Thermal conductivity ratio 
Kc/K,*
WC at RT1 84.0 105.0
Cr3C2 at RT1 189.8 237.3
TiC at RT1 24.0 30.0
Molten Iron at 1536°C2 0.8 -
* Ki and Kc are the thermal conductivity of Iron and Carbide respectively, 
1 [Storms, 1967],2 [Nuffield Advanced Science-Book of Data, 1984]
0.45 
0.4 
£ 0.35 
* 0.3
|  0-25 
|  0.2 
5  0.15
I  0.1
0.05 
0
0 2.5 5 7.5
In terfac ia l rad ius (m m )
Figure 4.5 -  Interfacial radius versus gap dimension for WC particles of different 
radii, r (mm)
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Figure 4.6 -  Interfacial radius versus gap dimension for Cr3C2 particles of different 
radii, r (mm)
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Figure 4.7 -  Interfacial radius versus gap dimension for TiC particles of different 
radii, r (mm)
The data in Figures 4.5, 4.6 and 4.7 show that as the distance of the approaching 
particle (the gap) decreases the interfacial radius decreases, since it tends to adopt the 
radius of the engulfed particle (i.e. r = R|). The greater the size of the particle, the 
steeper the slope of the curve and therefore, the sooner the S/L interface experiences 
the change from the particle’s presence. Besides, the data shows that the higher the
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value of the thermal conductivity ratio (/ccr3C2 = 237.2 > /cwc = 105.0 > kt\c = 30.1), 
the smaller the difference between the interfacial and the particle radius. In other 
words, the S/L interface wets better the particle for high values of k.
For a better representation of the effect that different carbides have on the shape 
change of the S/L interface, the data for three different carbide particles of the same 
radius is compared in Figures 4.8 and 4.9.
E
S
n
co
wco
E
ria.
Figure 4.8 -  Ri versus d for three different carbides of the same particle size (r = 2.3 
mm)
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Figure 4.9 -  Ri versus d for three different carbides of the same particle size (r = 4.3 
mm)
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4.3 D ra w e r  C a s tin g : W C  P a r t ic le  in  I r o n  M e lt
In the previous section we studied the case of a carbide particle traveling through the 
iron melt and meeting the S/L interface with which it interacts. In the ease of the 
Drawer Casting method, however, that would be an unlikely event to happen, since 
the particle travels through the melt, settles itself at the bottom of the cavity and then 
the solidification begins around it. Two theoretical approaches have thus been 
developed for understanding the behaviour of the carbide particle in the Drawer 
Casting method.
The first approach shows how the reinforcing WC particles travel through the iron 
melt and settle at the bottom of the mould. The liquid medium is considered uniform 
and free of turbulence and currents during the sedimentation of the WC particles since 
the liquid flow inside the mould has been stopped.
The second approach shows the WC particles settled at the bottom of the mould and 
experiencing the forces of the liquid flow. In this case, the liquid flow is considered 
uniform and linear, as expected to be achieved from a running system.
4.3.1 S e d im e n ta tio n  o f  P a r t ic le  th ro u g h  I r o n  M e lt: R e la tiv e  P a r t ic le  
V e lo c ity  a n d  R e la tiv e  M e lt  V isco s ity
The reinforcing particles will travel through the melt and will reach the bottom of the 
mould before solidification begins. To study the effect of the particle’s presence in the 
melt we need to consider a defined space (area or volume and time), at a certain 
position in the mould, under certain conditions (e.g. temperature, composition, 
physical properties of the material, homogeneity etc). This space, for the sake of 
simulation, will be called an element. The properties and the conditions of an element 
that are studied specify the element’s scale.
65
CHAPTER 4 MODELLING
The element in this study occupies the volume shown in Figure 4.10. It consists of 
liquid iron at temperature above the liquidus temperature and contains spherical WC 
particles. Thus, the local fraction of particles in the element, , is:
N n Vn x N n
<S>N = — £- = -£ ----- p-  (equ. 4.16)
p N Vmax el
where Vp is the volume of the particle, Ve\ is the volume of the element, Np is the
number of particles in the element and Nmax is the maximum number of particles in the
y
element (=  ——).
v
Figure 4 .10-  The element
During the sedimentation of WC particles in the iron melt (Fig. 4.11) there will be an 
immediate increase of the viscosity of the melt, p , due to the buildup of particles in 
the surrounding region. The change of the melt's viscosity, by changing the volume 
fraction of reinforcing particles in the melt, is given as relative viscosity, p r . This 
change affects the flotation velocity, uf , of the particle during its trajectory (vertical
movement) and is given as relative velocity, ur . At this point it must be mentioned 
that any changes in viscosity due to temperature changes have not been considered 
because of the counter effect of the exothermic pad to that of the chilling effect from 
the sedimentation of the particles.
Thus, according to Einstein’s equation [Jeffrey and Acrivos, 1976]:
pr = / / ( !  + 2 .5 0 ^  ) (equ. 4.17)
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and the flotation velocity is [Richardson and Zaki, 1954]
2 r 2 Ap g
which becomes
n
uf = -   (equ. 4.18)
/v
ur = u .(\-< t>N ) 465 (equ. 4.19)
where p  = p 0 e Rr , E is the activation energy, T is the temperature of the melt, R is
universal gas constant and Ap is the density difference between the molten metal and 
the particle (= pL -  pr).
<-----  Level 1
<------  Level 0
Figure 4.11 -  Schematic representation of the particle sedimentation. Level 1 
demonstrates the metallic foil which melts gradually, allowing the carbide particles to 
start their free fall movement in the cast iron melt. Level 0 demonstrates the bottom of 
the mould where the particles settle at the end of their movement.
Thus, a system of particles in a melt can be chosen to be studied under certain 
conditions in order to give us an idea about the magnitudes of the above variables.
The system consistsof WC particles with diameter 4 mm, which travel (downwards) 
through an iron melt at T=  1536°C. The = 0.4 and the melt dynamic viscosity at
this temperature is 5.5 x 10' 3 Ns/m2.
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The results show that the viscosity of the melt increases to 1.1 x 10"2 Ns/m2 and 
causes a drop in the flotation velocity of the particle from 6.0 m/s to 0.55 m/s. The 
above calculation shows that the reinforcing particles would have reached the bottom 
of the mould immediately after their departure from the metallic foil (drawer) and 
well before the solidification o f the melt commences. The relative velocity depends 
strongly on and weakly on viscosity. Indeed, if  <&N were to increase to, say,
0.6, then ur would be 0.07 m/s for the same viscosity. In the real system <£>N would
further increase owing to the chemical reaction of the WC with the ferrous melt while 
likewise the viscosity of the melt would increase due to the chilling effect of the 
particles. However the effect of the latter increase is relatively small compared to that 
caused by the change of the O n , e.g. for T = 1335°C and O .  = 0.4 the ur o f theV/J JY p  •
reinforcing particle would be 0.4 m/s. Table 4.2 summarises the results from the 
above calculations.
Table 4.2 -  Values of sedimentation parameters
7TC) 1 p flr xlO*2 (Ns/m2) Uj (m/s) ur (m/s)
1536
0.4 1.1 6.0 0.55
0.6 1.4 4.7 0.07
1335
0.4 1.6 4.1 0.38
0.6 2.0 3.2 0.05
4.3 .2  P a r t ic le  S e ttle d  a t  th e  B o tto m  o f  th e  M o u ld  d u r in g  C a s tin g
The study of the interaction of the WC particle/s settled at the bottom of the mould 
with the liquid flow during the filling of the mould is of great interest. In this case, the 
forces that act on the particle are: the gravity force, Fg, and the buoyancy force, /% 
which both act in the vertical direction, the drag force, Fo, which acts in the flow 
direction, the lift force, Fl, which acts perpendicular to the flow direction and the 
friction fac to r,/ which acts parallel to the bottom of the mould (Fig. 4.12):
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Fg = P n 8  VP (equ- 4-2°)
Fh = Pi. 8 vn (equ. 4.21)
C n p . An V2
Fd = --' I------ (equ. 4.22)
CL p , Ap V2Fj = . /: HL p  (equ. 4 .23)
where V is the velocity of the melt flow, Ap is the particle’s cross sectional area, pi 
and pp is the density of the melt and particle respectively, g  is the acceleration due to 
gravity, vp is the volume of the particle and CD and CL are the drag and lift coefficients 
respectively.
In the case of a bed of sediment particles the reaction forces of the surrounding 
particles should be considered. The inter-particle forces are related to the particle 
disposition and packing.
For an ideal fluid flow, the drag and lift forces acting on a spherical particle in a 
uniform flow are zero (d’Alembert’s paradox).
Flow
Direction
Figure 4.12 -  Schematic representation of forces acting on a sediment particle (the 
inter-particle forces are not shown for the sake of clarity)
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Furthermore, in order to analyze the stability condition of a sediment bed it is 
important to induce extra factors. Particle movement occurs when the moment of the 
destabilizing forces (i.e. drag, lift and buoyancy), with respect to the point of contact, 
become larger than the stabilizing moment of the weight force.
Considering the stability of a single particle in a horizontal plane, the threshold 
condition of sediment motion is achieved when the center of gravity of the particle is 
vertically above the point of contact. The critical angle at which motion occurs is 
called the angle o f repose, (pp (Table 4.3) [Chanson, 2004].
Table 4.3 -  Data of angle of repose in respect to sediment particles’ geometry and size
dp (mm) (pp (rounded particles) (ftp (angular particles) Comments
< 1 30° 35°
5 32° 37° Gravel
10 35° 40° Gravel
50 37° 42° Gravel
> 100 40° 45° Cobble and boulder
A stability parameter, t*, for the sediment bed can be derived from dimensional 
analysis. The stability parameter, commonly called the Shields parameter is [Shields 
1936]:
r* =  t   (equ. 4.24)
P , , { s - l ) g d p
where x0 is the bed shear stress and s is the relative density (specific gravity) of the 
sediment particle (= p p/ p L ).
A critical value of the stability parameter can be defined at the inception of the bed 
motion: t* = ( r |:)c. Thus, bed load motion occurs for t* > (t*)c, which implies for the 
critical shear stress:
Uo)c =  ( t* )c  p l (s -  1) g  dp (equ. 4.25)
70
CHAPTER 4 M ODELLING
The (t0)c is related to the critical shear flow velocity by [Chanson, 2004]:
(„*) J E k  (equ. 4.26)
V Pl
The critical Shields parameter can be estimated as [Julien, 1995]:
(t*)c = 0.5 tan (pp for d* < 0.3
(t*)c = 0.25 (< /* ) '0'6 tan (pp for 0.3 < d* < 19 
(t*)c = 0.013 (d * f A tan (pp for 19 < d* < 50 
(t*)c = 0.06 tan <pp for 50 < d*
where d* is the dimensionless particle parameter defined as:
where v is the kinematic viscosity (= p /  p L).
In this study a sediment bed system and a fluid were chosen in order to get 
representative values for the liquid flow and its effect on the reinforcing carbide 
particles during casting.
The bed consisted of a sediment of angular WC particles with size 3 mm (cpp = 37°) 
(assuming no variation in the size of the particles), which interacted with a flow of 
molten iron at 1536°C. The densities o f the WC particle and of the liquid iron were 
taken as 14500 and 7015 kg/m3 respectively.
(equ. 4.27) 
(equ. 4.28) 
(equ. 4.29) 
(equ. 4.30)
(equ. 4.31)
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The results show that the bed motion occurs for zQ > 9.75 Pa, which corresponds to 
(u*)c = 0.037 m/s. The channel design in the Drawer Casting method allows the 
mould to be filled at a rate of 500 kg/min, which corresponds to a flow velocity of 
0.94 m/s. Thus, the actual flow velocity is much higher from the theoretical one and 
therefore bed motion will happen.
There are two options following the above results, both of which have commercial 
implications. Option 1 would be to modify feeding and gating to bring down the flow 
velocity to a low value as suggested by the calculation, in order to avoid bed motion. 
The implication of this however would be extremely poor quality of the WCI casting 
as at very low flow velocities premature freezing of melt would lead to poor filling of 
the mould. Option 2 is to modify the casting design and it is in this respect that the 
Drawer Casting method/design allows for the settlement of WC particles rather than 
locating them at the bottom of the mould.
4.4  C o m p u ta t io n a l  T h e rm o d y n a m ic s :  T h e rm o -C a lc
The Thermo-Calc software is probably the most frequently used thermodynamic 
simulation and modelling software world wide. The software performs standard 
equilibrium calculations, calculation of thermodynamic quantities and calculations 
based on thermodynamic databases. Its main domains for calculations are:
• Phase diagrams
® Thermochemical data such as enthalpies, heat capacity, and activities
• Solidification simulations with the Scheil-Gulliver model
• Pourbaix diagrams
The calculations are based on thermodynamic databases produced by an expert 
evaluation of experimental data. There are thermodynamic databases available for 
many different materials and applications and can be used on several computer 
platforms and operating systems.
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In this study the Thermo-Calc version L  has been used for solidification simulations 
with the Scheil-Gulliver model. The database used is a selection of experimental data 
for iron base alloys" [Shao, 2005],
4.4.1 T h e rm o -C a lc :  R e su lts  a n d  D iscu ssio n
<
Using the Thermo-Calc software with the Scheil-Gulliver model the solidification 
simulation has been done for different iron based alloy systems (see also Appendix 
A2). For the MMC we have calculated the dependence of Tl on W for different Cr 
and C contents. For the WCI we have calculated the dependence of Tl on Cr and C 
contents in the material.
The results indicate changes in the liquidus temperature, Tl, by changing the Cr, W 
and/or C content of the alloy.' Accordingly, the increase of W, Cr and/or C content in 
the MMC causes an increase in the TL (Fig. 4.13, 4.14 and 4.15). On the other hand, 
in the WCI matrix, an increase in the Cr and C content causes a decrease in the Tl 
(Fig. 4.16 and 4.17).
In the solidification simulation plots, the formation of each of the phases present in 
the material can be tracked down in the order that each phase has formed. The nature 
of the phases and their order of formation are strictly related with the Tl of the 
material. The phase that melts last (or forms first) is the phase that regulates the Tl 
value of the material.
\
The two types of phases that are present in the materials of this study (see next 
chapter) are (a) the carbides (M7C3, M3C, MbC etc) and (b) the allotropic phases of Fe 
namely austenite (FCC) and ferrite (BCC).
In the WCI matrix the first phase to form is the solid solution of the austenite (FCC) 
(Fig. A2.1), while in the MMC the primary phase is a carbide, with the exception of 
Figure A2.9, where the FCC forms first, see also Appendix A2.
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Figure 4.13 -  Liquidus temperature versus W content for Cr = 14 %
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Figure 4.14 -  Liquidus temperature versus W content for Cr = 20 %
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Figure 4.16 -  Liquidus temperature versus C content (WCI matrix)
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Figure 4.17 -  Liquidus temperature versus Cr content (WCI matrix) for C = 2.5 %
The ternary Fe-Cr-C phase diagram shows the change in Tl with changes in Cr and/or 
C concentration. In the hypoeutectic high Cr WCI matrix, the solidification of 
austenite is followed by the formation of the carbide phases which depends on the Cr 
and C content of the alloy. The increase in Cr content in the WCI matrix in the range 
from 14 to 25 wt. %, for fixed C content (at 2, 2.5 or 3 wt. %), causes the following 
order of stabilization of the phases (see Appendix A2, Figs. A2.1 to A2.8):
Cementite —* M 7 C3 —*■ FCC (stable)
Only for Cr up to 30 wt. % and C up to 2.5 wt. % does the cementite gets replaced by 
the BCC phase (Fig. A2.8). The increase of C concentration from 2 to 3 wt. %, for a 
fixed Cr content (at 14, 20 or 25 wt. %), has the same effect (Figs. A2.1 to A2.8).
■>—Cr=20% 
ft—Cr=14%
A C O C
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In the MMC, the solidification becomes more complicated due to the diffusion of C 
and W in the WCI matrix. The increase in W content in the range from 15 to 25 wt. % 
causes the stabilization of M6C (Figs. A2.9 to A2.ll). The C in the alloy system 
increases from 2.5 to 6 wt. %. Initially, this increase in C stabilizes the M7C3 phase 
while for high values (> 4 wt. %) the MC phase becomes favored. The increase in Cr 
leads to the formation of M23C6 (Figs. A2.39 to A2.41) while simultaneous increase in 
Cr and C promotes the M7C3 phase (Figs. A2.42 to A2.51) and restrains the formation 
of the MbC that resulted from the increase of W. Finally the simultaneous increase of 
C, W and Cr stabilize the MC phase for > 4 wt. % C (Fig. A2.52 and A2.53).
According to Goldschmidt [1952], the low temperature phase equilibria in the Fe-Cr- 
W-C system is as shown in Figure 4.30. The carbide phases present in the quaternary 
phase diagram confirm the above.
C
Figure 4.30 -  Schematic showing low temperature phase equilibria of the quaternary 
Fe-Cr-W-C system [Goldschmidt, 1952]
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T h e  rj p h a s e  i n  F i g u r e  4 . 3 0  c o r r e s p o n d s  t o  t h e  FQ 3 W 3 C  -  F e 4W 2C  ( M e C )  c a r b i d e  w h i l e  
t h e  X  p h a s e  c o r r e s p o n d s  t o  t h e  C r ? C 3 c a r b i d e .  T h e  c e m e n t i t e  p h a s e  d i s s o l v e s  m u c h  
m o r e  C r  t h a n  W  a n d  t h e r e f o r e  c e m e n t i t e  c a n  c o n t a i n  b o t h  C r  a n d  F e .  T h e  M 23 C 6 
c a r b i d e  c a n  b e  o b s e r v e d  i n  s m a l l  v a r i a t i o n s  o f  c o m p o s i t i o n s  a n d  c a n  i n c l u d e  t h e  m o s t ,  
e v e n  a l l  o f  t h e  s t r o n g  c a r b i d e  f o r m i n g  e l e m e n t s  i n  t h e  s o l i d  s o l u t i o n  ( i n  o u r  c a s e  
C r 23F e 2 i ( W ,  M o ) 2C i 2) .  A s  w e  s h a l l  s e e  i n  t h e  n e x t  c h a p t e r ,  t h e  a b o v e  a r e  i n  a g r e e m e n t  
w i t h  t h e  r e s u l t s  o f  t h i s  s t u d y  ( s e e  s e c t i o n  5 .1 .1 . 1  a n d  T a b l e  5 .2 ) .
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m e s i r a j i  k c s i h m s  a n ISOBSSMM
5.1 M ic r o s t r u c tu r a l  C h a r a c te r iz a t io n
T h e  W C I  m a t r i x e s ,  g i v e n  i n  T a b l e  3 . 1 ,  w e r e  r e i n f o r c e d  w i t h  W C  p a r t i c l e s ,  a s  
d i s c u s s e d  i n  c h a p t e r  3 ,  i n  o r d e r  t o  s t u d y  t h e  e f f e c t  o f  m i c r o s t r u c t u r e  o n  t h e  w e a r  
b e h a v i o u r  o f  t h e  m a t e r i a l s .  T h e  m i c r o s t r u c t u r e s  o f  t h e  t h r e e  W C I s  a n d  M M C s  s t u d i e d  
i n  t h i s  w o r k  w e r e  b a s i c a l l y  t h e  s a m e  r e g a r d i n g  c a r b i d e  f o r m a t i o n  i n  t h e  r e a c t i o n  z o n e s  
d e v e l o p e d  a r o u n d  W C  p a r t i c l e s  a n d  i n  t h e  W C I  m a t r i x e s  ( s e e  b e l o w ) .  T h u s ,  i n  t h i s  
c h a p t e r ,  w e  p r e s e n t  d e t a i l e d  a n a l y s i s  f o r  o n e  W C I  m a t r i x  a n d  M M C ,  n a m e l y  t h e  
m a t e r i a l s  b a s e d  o n  t h e  2 0  %  C r - M o - L C  W C I .  R e s u l t s  f o r  t h e  o t h e r  m a t e r i a l s  a r e  a l s o  
i n c l u d e d  f o r  c o m p a r i s o n  p u r p o s e s .  T h e  d a t a  i s  s u b s e q u e n t l y  u s e d  t o  d i s c u s s  t h e  w e a r  
b e h a v i o u r  o f  t h e  m a t e r i a l s .
5.1.1 T h e  W h ite  C a s t  I r o n  M a tr ix
5 .1 .1 .1  A s -C a s t a n d  A s-A n n e a le d  M ic r o s tr u c tu r e s
T h e  a c t u a l  c o m p o s i t i o n s  o f  t h e  a s - c a s t  W C I  m a t r i x e s  a r e  g i v e n  i n  T a b l e  5 .1 .  T h e  
c o m p o s i t i o n  o f  a l l  t h e  e l e m e n t s  w a s  w i t h i n  t h e  e x p e c t e d  r a n g e s ,  e x c e p t  C ,  i n  t h e  2 5  %  
C r  W C I  a n d  t h e  M o  i n  t h e  1 5  %  C r - M o - L C  W C I  ( s e e  T a b l e  3 . 1 ) .
T a b l e  5 .1  -  C h e m i c a l  a n a l y s i s  ( w t .  % )  o f  t h e  w h i t e  c a s t  i r o n  m a t r i x e s *
WCI alloy
Elements (wt. %) Carbide
content4
(%)
Mo2C
content+
(%)
C Si Mn Cr Cu Mo Ni P S Cr/C
25 % Cr 3.3 0.5 0.6 25.9 0.4 0.5 0.5 0.03 7.9 39.7 0.2
20 % Cr-Mo-LC 2.2 0.6 0.5 20.2 0.8 0.7 0.3 0.02 9.0 23.5 0.3
15 % Cr-Mo-LC 2.3 0.4 0.8 14.3 0.6 0.1 0.3 0.02 6.1 21.4 0.003
A n a y sis  u sin g  m ass spectrom eter, see  text
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The microstructure of the as-cast 20 % Cr-Mo-LC WCI matrix (Fig. 5.1a) 
demonstrates a dendritic solidification with eutectic carbides solidifying from the 
melt. The matrix was expected to be austenitic. Indeed, the stability and presence of 
the austenite phase is strictly related to the Cr/C ratio and the Mo content (Fig. 5.2). 
For Cr/C > 7.2 (in the case of the 20 % Cr-Mo-LC WCI the ratio Cr/C = 9.0, see 
Table 5.1), the pearlite formation would be suppressed assuring the presence of 
austenitic microstructure, at any Mo content*4 [Maratray and Usseglio-Nanot, 1971a]. 
In such a material the formation of the primary y phase is followed by the formation 
of the eutectic y + M7C3*5. Thus, the final microstructure of the as-cast 20 % Cr-Mo- 
LC WCI should consist of y + M7C3 (Fig. 5.3). The M7C3 carbides correspond to 
primary and eutectic carbides of iron and chromium. Both forms of carbides are 
formed from the melt: the eutectic carbides solidify as one constituent of the eutectic; 
the primary carbides are hypereutectic. The M7C3 carbides have a tendency to 
segregate along the grain boundaries when the residual volume of melt after 
solidification of the y phase is small. These intergranular carbides, which are part of 
the eutectic, do not form continuously along the grain boundaries and disappear when 
the amount of carbides exceeds about 20 %. With higher amounts of carbides up to 30 
%, the eutectic comprises of carbide lamellae extending out into the austenitic matrix 
from points at the centre of the interdendritic spaces (Fig. 5.1b). This structure 
changes to a lamellar one when the y phase no longer impedes the formation of the 
eutectic.
The X-ray diffractogram of the annealed 20 Cr-Mo-LC WCI is shown in Figure 5.4 
and a list of the carbides that could be present in the 20 Cr-Mo-LC, as suggested by 
XRD, is given in Table 5.2. The XRD data of the annealed white cast iron (see section 
3.3) shows that the 20 %  Cr-Mo-LC WCI material consisted of primary, eutectic and 
secondary carbides in a ferritic matrix. The main alloying elements of our WCIs (Fe, 
Cr, and Mo) are all strong carbide formers, with different thermodynamic behaviour 
and response to heat treatments. The Fe and Mo form primary M3C, M7C3 and M2C 
carbides in the matrix, while the Cr forms both primary M7C3 and secondary M23C6 
carbides. Besides, Fe also forms M5C2 carbides.
(*4) Pearlite formation is expected for the 15 % Cr-Mo-LC WCI according to the data in Table 5.1 and Figure 5.2 
(*5) The same microstructures are expected for the WCI alloys 15 % Cr-Mo-LC and 25 % Cr
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(a) (b)
Figure 5.1 -  Micrographs of the as-cast white cast iron matrix: (a) Dendritic structure 
with eutectic carbides (Mag. xl50) and (b) Lamellar eutectic structures (Mag. x300) 
[Kambakas, 2 0 0 2a]
Figure 5.2 -  Relation between the Cr/C ratio, the molybdenum content and the as-cast 
microstructure for sand-cast 25-mm-dia rounds of white cast iron alloys [Maratray 
and Usseglio-Nanot, 1971a]
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Figure 5.3 -  Section of the ternary Fe-Cr-C phase diagram [Jackson, 1970]
Table 5.2 -  The phases present in the matrix and MMC regions of the 15 % Cr-Mo- 
LC  (1), 20 %Cr-M o-LC (2) and 25 % Cr (3) WCI materials
Phase Matrix MMC
a-Fe 1, 2, 3 1, 2,3
Fe3C 1, 2, 3 1, 2,3
Fe7C3 1,2 1, 2,3
Fe2C 2 1, 2, 3
Fe5C2 1, 2, 3 1,3
Cr7C3 1,2,3 1,2,3
Cr23C6 1, 2,3 1, 2, 3
(Cr, Fe)7C3 1, 2, 3 1,3
(Cr25Fe43Mo0 1 )C3 1, 2, 3 1,3
Mo2C 1, 2, 3 1, 2, 3
Fe2MoC 1, 2, 3 1,2,3
WC 1,2,3
Co3W3C 1,2, 3
Co3W9C4 1,2
Cr23Fe2,(W. Mo)2C12 2
Fe6W6C 1,2
FeW3C 1, 2,3
Fe3W3C-Fe4W2C 1, 2,3
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As described in section 3.3, the cast WCI was annealed in order to enable us to cut it 
and avoid crack formation. After annealing the microstructure of the matrix changed 
from austenitic to ferritic. The Time -  Temperature Transformation (TTT) diagram in 
Figure 5.5, gives a schematic representation of the phase transformation during the 
annealing process.
4000
29
Figure 5.4 -  X-ray diffractogram of the annealed 20 % Cr-Mo-LC WCI (see also 
Table A1.3 in Appendix Al)
The time-temperature schedule of the annealing process was discussed in section 3.3. 
Thus, in our case the matrix consists of 99 % pearlite while the rest is retained 
austenite. Indeed, the isothermal decomposition of the austenite occurs in two 
temperature ranges in which the transformation curves are C-shaped and overlap 
partially (Fig 5.5). The first transformation range is above the nose at about 975°C ± 
25°C, where the precipitation of secondary carbides was observed in our material 
(Fig. 5.6b). This area is divided in two parts: The first is above the AC3, which 
corresponds to the transformation y (austenite) —> y + Cs (secondary carbides) and the 
other is below the AC3 that corresponds to the transformation y —> y  + a (ferrite) + Cs- 
The second transformation occurs at maximum rate at about 650 to 700°C and its 
product is very fine pearlite.
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(a)
0,1 J  L.
0,1
10 I I mn 1000
(b) (c)
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_^_L
' i i mn1000
-I i h
Figure 5.5 -  Time -  Temperature Transformation Diagrams of white cast iron alloys 
(a) C = 2.7, Cr = 15.0, Mo = traces, (b) C = 2.0, Cr = 20.6, Mo = 0.6 and (c) C = 3.7, 
Cr = 25.3, Mo = 0.02. C* indicates the presence of undissolved carbides [Maratray 
and Usseglio-Nanot, 1971b]
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The confirmation of the pearlitic structure of the annealed 20 % Cr-Mo-LC WCI was 
also done by the use of magnets. The annealed samples were found to be highly 
magnetic. The main phases one can distinguish in the annealed WCI matrix were the 
eutectic lamellar Cr carbides formed between the dendrite arms (Fig. 5.6a), while on 
the dendrites of the ferritic matrix the precipitation of secondary carbides was 
observed (Fig. 5.6b).
Eutectic
Cr
carbides
(a)
(b)
Electron Image 1
Figure 5.6 -  (a) Eutectic M7C3 carbides (Mag. *1500) and (b) secondary M23C6 
carbides in the ferritic matrix of 20 % Cr-Mo-LC WCI (Mag. ><5 5 0 0 ). The red box in 
(a) indicates the specific area shown in (b).
10pm 1 Electron Image 1
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The X-ray elemental maps in Figure 5.7 show the distribution of elements in the 
above phases (carbides and ferrite). In these elemental maps Cr and C share the same 
regions indicating the presence of the Cr carbide phase in the Fe matrix of the WCI 
(also indicated by the elemental maps as the background of the Cr carbide phases).
"100pm ' Electron Image 1
100pm 1 C Ka1_2
Figure 5.7 -  X-ray elemental maps of the annealed 20 % Cr-Mo-LC WCI taken by 
EPMA at 15 keV (Mag. x300)
Table 5.3 gives the compositions of carbides and matrix as determined by EPMA. The 
two analyses for the matrix (see below) show no significant differences, with the 
exception of the analysis of C by the EPMA, which is higher than that given by the 
mass spectrometer. This difference, however, was expected as C was analysed by 
EDS in the EPMA. The chromium content of primary carbides does not differ from 
that of eutectic carbides for Cr/C > 5.5 [Maratray and Usseglio-Nanot, 1971a] (in this 
work Cr/C = 9.0). The carbide content, K, of our WCIs increases in proportion to the
100pm 1 CrKal
100pm
85
CHAPTER 5 EXPERIMENTAL RESULTS & DISCUSSION
carbon and chromium contents in accordance with the equation 5.1, which has a 
standard deviation of 2.1 % [Maratray and Usseglio-Nanot, 1971a]:
% K = 12.33 (wt. % C) + 0.55 (wt. % Cr) -  15.2 (equ. 5.1)
For the 20 Cr-Mo-LC WCI, IC = 23.5 % * 6 (spread from 21.4 to 25.7 %). On average, 
about half of the molybdenum contained in the alloy would be expected to be present 
in the form of primary M02C. The M02C content, AMo, is given from the equation 
5.2, with standard deviation of 0.28 % [Maratray and Usseglio-Nanot, 1971a]:
% AMo = 0.53 (wt. % Mo) -  0.05 (equ. 5.2)
In the case of the 20 % Cr-Mo-LC WCI, AMo = 0.3 % * 7 and according to the 
literature [Maratray and Usseglio-Nanot, 1971a] the molybdenum content of the alloy 
should not have a significant effect on the total amount of carbides. The amount of 
Mo carbides increases with increasing molybdenum content of the alloy and with 
decreasing content of other carbides (Fig. 5.8).
Table 5.3 -  EPMA results for the carbides and the matrix of the 20 % Cr-Mo-LC WCI
Phases
Elements (wt. %)
Fe Cr C Mo Si Cu Ni Mn
m 7c3
32.1-34.0*
33.0**
51.3-54.5
53.2
12.4-13.4
12.9
0.6-2.0
1.0 - - - -
m 23c6
76.2-80.2
77.9
12.1-14.6
13.6
4.4-6.1 
5.1
0.0-0.9
0.3
0.7-0.8
0.8
1.0-1.9 
1.5
0.0-0.7
0.2
0.0-0.8
0.6
WCI
(bulk)
69.5-71.8
70.3
19.1-20.6
20.0
3.9-4.2 
4.1
+ 
3
t~- 
0
 
0 0.6-0.8 
0.7
0.6-1.5
1.1 -
0.6-0.9
0.7
(* ) M inimum -  maximum values, (**) Mean value (from 10 values)
The XRD and EPMA data of the 20 % Cr-Mo-LC WCI given in Tables 5.2 and 5.3 
respectively as well as the data given in Figure A2.4 for the solidification path of the 
20 % Cr 2 % C (wt. %) WCI alloy, agree regarding the presence of the M7C3 phase.
(*6) The carbide contents for the 15 % Cr-Mo-LC and 25 % Cr WCIs are given in Table 5.1 
I*7) The Mo2C contents for the 15 % Cr-Mo-LC and 25 % Cr WCIs are given in Table 5.1
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Figure 5.8 -  Relation between the molybdenum content of the M7C3 carbides and the 
molybdenum content of the white cast iron alloys. The numbers indicate the carbide 
content in weight percent [Maratray and Usseglio-Nanot, 1971a].
The EPMA data was also in agreement with the XRD data regarding the M23C6 phase. 
However, the presence of the phases M3C M2C and M5C2 was suggested only by the 
XRD analysis. The presence of some of these phases (e.g. FesC2 or Fe2MoC or Fe3C) 
cannot be ruled out due to overlap of peaks in the diffractogram. The formation of the 
M23C6 phase is supported by the literature [Maratray and Usseglio-Nanot, 1971a] 
since the specimen was annealed and therefore precipitation of secondary carbides 
should be expected.
5 .1 .1 .2  A s-Q u en c h e d  M ic r o s t r u c tu r e
The quenching heat treatment (see section 3.3) was used to form a martensitic 
microstructure. The Ms temperature of the martensitic transformation and the hardness
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of the microstructure are related to the precipitation of the secondary carbides and 
specifically with the temperature at which this precipitation occurs.
Figure 5.9 shows the effect of secondary carbide precipitation on the Ms temperature 
and hardness. The Ms temperature is largely independent of the amount of secondary 
carbides precipitated at any temperature because the major factor for the Ms 
temperature is the lowest carbon content of the matrix. Precipitation of more carbides 
at the same temperature does not alter this microsegregation of carbon. On the other 
hand, the magnitude of the martensitic transformation increases with the amount of 
the precipitated carbides.
(a)
w o
3oo
(b)
zoo
100
> -  —Hr -
— -----1— 4 ■ ---?
* * 9 0 0 C  |
J ___„ *SK£_J,
l O O O C +
.
I 1
5 0 100%
Figure 5.9 -  Effect of extent of secondary carbide precipitation in white cast iron: (a) 
On hardness as air-cooled from destabilizing treatment and (b) on Ms temperature 
[Maratray and Usseglio-Nanot, 1971 a]
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In the as-quenched condition, when the carbide precipitation took place above the AC3 
temperature the resultant microstructure consisted of austenite, martensite and 
secondary carbides (Fig. 5.5). On the other hand, ferrite replaced austenite in the 
above microstructure when the precipitation occurred between A| and A3 while some 
austenite would appear as well if the holding time at temperature was inadequate to 
precipitate all the carbides.
(a)
Eutectic
Cr
carbides
10pm 1 Electron Image 1
1 10pm ' Electron Image 1
Figure 5.10 — Martensitic WCI matrix (20 % Cr-Mo-LC) indicated by the lens shape 
and coarsening of secondary carbides (a) at ><3000 and (b) at ><5500 Magnification
It was impossible to distinguish the fine structure of martensite in the matrix either 
with optical or scanning electron microscope. Even with etching, problems appeared 
since the only structure to be observed consisted of the carbides in a uniform matrix.
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However, an indication of the changes caused by the quenching treatment was the 
coarsening of the secondary carbides in the matrix and the change of their 
morphology from angular to that of lens shape. The coarsening can be seen in Figures 
5.10a and b where the size of the secondary carbides can be compared with that in the 
Figure 5.6b.
5.1.1.3 The 15 % Cr-M o-LC and 25 % Cr W CI M icrostructures
The microstructures of the 15 % Cr-Mo-LC and 25 % Cr WCI are shown in Figure 
5.11 and the analyses of the phases are given in Tables 5.4 and 5.5 for the two alloys
respectively. The effect of the 10 wt. % Cr difference between the two WCI alloys on 
their microstructure can be seen in the concentration of the eutectic M7C3 carbides in 
the ferritic matrix. The increase of Cr and C content in the alloys increases the carbide 
content of the alloy and favoured the formation of the primary carbide phases, see 
section 5.1.1.1, equation 5.1. The comparison of the chemical analyses of the phases 
(M7C3 and M23C6) present in the matrix of the three WCI alloys (see Tables 5.3, 5.4 
and 5.5) shows that the C content in these phases is not strongly affected by the C 
increase in the alloy composition. On the other hand, the Cr content in the phases 
tends to increase as more Cr is added in the alloy, while the same increase has the 
opposite effect on the Fe content of the two phases. The bulk analyses of the three 
WCIs (Tables 5.3, 5.4 and 5.5) agree with the mass spectrometer analysis with small 
variance in values of almost all the elements except for C, which was expected given 
the EDS analysis of the latter.
Table 5.4 -  EPMA results for the carbides and the matrix of the 15 % Cr-Mo-LC WCI
Phases
Elements (w t. % )
Fe C r C M o Si Cu N i M n
m 7c 3
41.8 -44 .9*
4 3 .0 **
43.0-46.2
45.0
11.7-12.3
12.0 - - - - -
m 23c 6
77.4-79.9
78.6
11.2-11.9
11.5
7.1-8.2  
7.5
-
0.3-0.4
0.4
0.7-1.5  
1.1
0.0-0.9
0.2
0.6- 1.3 
0.9
W C I
(bu lk )
75.0-77.6
76.1
14.5-16.5
15.1
3 .5 -3.8 
3.7
0.1-0.4  
0.3
0.4-0.5
0.4
0.4-0.9
0.7
0.2-0.4
0.3
1.1-1.4 
1.2
* Minimum -  maximum values, ** Mean value (from 10 values)
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(a)
100pm 1 Electron Image 1
100pm 1 Electron Image 1
Figure 5.11 -  Micrographs of the microstructures of: (a) Hypereutectic 25 % Cr WCI 
matrix (b) and (c) Hypoeutectic 20 % and 15 % Cr-Mo-LC WCI matrices respectively 
(Mag. ><300)
Hexagonal
primary
 >  Cr
carbides
100pm 1 Electron Image 1
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Table 5.5 -  EPMA results for the carbides and the matrix of the 25 % Cr WCI
Phases
Elements (w t. % )
Fe C r C M o Si Cu N i M n
V I+3 27.3-30.0*
2 8 .5 **
58.5.3-60.2
59.6
11.5-12.6
11.9
- - - - -
M 23C 6
75.9-83.0
79.4
12.3-16.3
14.0
2.9-5.7  
4.5
0.0-1.3 
0.6
0.6-0.7 
0.6 - -
0.0-0.9
0.7
W C I
(bu lk)
64.4-66.6
65.6
26.3-28.2
27.1
3.4-3.7  
3.5
0.6- 1.1 
0.7
0.4-0.5  
0.4
0.2-0.7
0.5
0.3-0.7
0.5
0.5-0.8
0.7
* Minimum -  maximum values, ** Mean value (from 10 values)
In the case of 25 % Cr WCI alloy the matrix is hypereutectic (Fig. 5.11a) since the 
equivalent carbon content of the alloy exceeds the eutectic composition of 4.27 wt. %. 
The presence of the primary hexagonal Cr carbides confirmed the hypereutectic 
solidification.
In the case of the 15 and 20 % Cr-Mo-LC WCIs the matrix remained hypoeutectic 
(Fig. 5.11b and c respectively) with the characteristic features of the eutectic Cr 
carbides formed between the dendrites arms. The microstructures in Figure 5.11 give 
also a very clear picture of the increase of the carbide content of the three WCI alloys 
due to the increase of the Cr and C additions (see also Table 5.1).
The phases present in the 15 % Cr-Mo-LC and 25 % Cr WCI as determined by XRD 
are given in Table 5.2 using the data in Figures 5.12 and 5.13.
29
Figure 5.12 -  X-ray diffractogram of the annealed 15 % Cr-Mo-LC WCI (see also 
Table A 1.1 in Appendix Al)
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20
Figure 5.13 -  X-ray diffractogram of the annealed 25 % Cr WCI (see also Table A1.5 
in Appendix Al)
Comparing the XRD data (Figs. 5.4, 5.12 and 5.13) of the three WCI matrixes that is 
summarized in Table 5.2 it seems that the same phases were present in each of the 
WCI’s matrixes. The exceptions were the Fe2C, which appears only in the 20 % Cr- 
Mo-LC WCI and the FeyC3, which does not appear in the 25 %  Cr WCI. A good 
reason for the absence of the FeyC3 phase in the 25 % Cr WCI alloy is the high Cr 
content, which tends to substitute Fe in the M7C3 carbides, as confirmed by chemical 
analysis (Table 5.5).
5.1.2 T h e  C a r b id e  R e in fo rc e m e n ts
The composition of the reinforcing WC particles given by their manufacturer was 
Ctotai = 5.3-5.8 %, Co = 6-10 %, Ta = 0.5 %, Ti = 0.5 % and W (balance) by weight, 
see section 3.1.2. The microstructure of the as received WC reinforcing particles, 
before they were used to prepare the MMCs, was studied by EPMA. The X-ray 
elemental maps are given in Figure 5.14.
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2 0 y m 1 C Kal_2
Figure 5.14 — X-ray elemental maps of as received WC microstructure taken by 
EPMA at 15 keV (Mag. x2000).
The element maps indicate the presence of C, Co and W. The C element shares 
common area with the W, thus indicating the existence of the W carbide phase. 
However, the interpretation of C in the elemental maps in Figure 5.14 was difficult 
since the C as light element does not allow the sufficient amount of X-rays to be 
collected over a short period (2-4 hours), especially in the presence of the heavy 
element W. The presence of Co is justified since the latter element is used as binding 
material during the sintering of WC grains. Its presence causes a drop in melting 
temperature as shown in the W -  Co binary phase diagram (Fig. 5.15). As was 
mentioned in section 3.1.2, the manufacturer’s analysis for the WC reinforcing 
particles gives also Ti and Ta (~ 0.5 wt. %). In the reinforcing particles of the 15 % 
Cr-Mo-LC WCI MMC Ti of significant amount (7-12 wt. %) was found and Ti was 
present in the phases of reaction zone 1 (see section 5.1.3.7, Tables 5.10 and 5.11).
WLa1
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A tom ic Percent T u n gsten
Figure 5.15 -  Binary Co-W phase diagram [Massalski, 1986]
5.1 .3  T h e  M M C s
5.1.3.1 T h e  20 %  C r-M o -L C  W C I-W C  M M C
The final product of the casting operation had a distinguished macro-zone where the 
reinforcing particles had been incorporated within the WCI matrix (see Fig. 5.16 and 
Fig. 3.5).
The XRD analysis on the MMC region (see Table 5.2 and Fig. 5.17) showed the 
presence of new carbides containing the elements W and Co. In the MMC region, the 
Mo had combined with Fe to form M3C type carbides while the Fe formed the same 
carbide phases as in the monolithic WCI matrix (except the M5C2) and had also 
combined with W to form eutectic M12C and M4C as well as complex M^M^C -  M \
2 9M 2C carbides* (which form solid solution with one another).
(*9) In the M'j the superscript i indicate the different kind of metal in the compound and the subscript j indicated 
the number of atoms in the compound e.g. Fe3W3C-Fe4W2C [Powder Diffraction File-Alphabetical lndex- 
lnorganic Phases, 19841
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WCI
matrix
Reinforced
region
Figure 5.16 -  A macro-etched* 10 surface of a slice taken from the final cast 
component of the 20 % Cr-Mo-LC WCI-WC composite indicating the matrix and the 
hard zone. Sample annealed.
The Cr formed primary M7C3 type carbides and in combination with Fe, W and Mo, 
secondary M23C6 carbides. Finally, the Co combined exclusively with W to form MbC 
and M12C4 type carbides.
Below, the microstructural characterization of the reinforced region (i.e. the MMC) 
will be represented in three sub-sections, each corresponding to a different region in 
the composite*11. The three regions are as follows:
Region 1 is the interface between the WCI and the MMC.
Region 2 is the area around the remaining un-dissolved WC particles, which is 
characterized by three reaction zones.
Region 3 is the remaining un-dissolved WC particle.
(*'°) Macro-etching: 1 It aqueous solution of 280 ml HC1 and 6 ml H2S04. for 15 to 30 min at 90°C
(*") The same microstructure consisting of three regions was also formed in the 15 % Cr-Mo-LC and 25 % Cr
WCI-WC MMCs
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29
Figure 5.17 -  X-ray diffractogram of the 20 % Cr-Mo-LC WCI-WC MMC (see also 
Table A 1.4 in Appendix A l)
5 .1 .3 .2  R eg io n  1: T h e  In te r f a c e  b e tw een  M M C  a n d  W C I
The reinforced region (i.e. the WCI matrix WC reinforced composite) was separated 
from the WCI matrix with a continuous planar interface, from which a dendritic 
solidification structure continued into the WCI on one side and on the other side 
elongated carbides were seen to grow perpendicular to the interface (see Fig. 5.18), 
indicating clearly the chemical bond between the MMC and the WCI matrix. The 
chemical analysis of the WCI matrix and of the phases present in it was given in 
Table 5.3
The Cr rich phases, which were present as eutectic lamellar carbide structures (Fig. 
5.1b) in the WCI matrix, transformed, due to the carbon diffusion (owing to the 
dissolution of WC particles and since Cr is a carbide forming element) to long, thin 
primary needle-like or hexagonal structures (Fig. 5.18). The needle like structures 
started from the matrix and grew towards the WC particles, meeting with other 
needle-like carbides in region 2. The needle like structure continued and became
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coarser near the WC carbide particles. In the regions where the diffusion of C was not 
extensive, both the hexagonal and needle-like structures tended to be smaller in size.
Hypereutectic
solidification
(PRM M C)
Hypoeutectic 
dendritic 
solidification  
(WCI matrix)
Figure 5.18 -  Photomontage of the interface between the WCI matrix and the MMC 
region (Mag. x50). VILELLA etching. Sample annealed
The X-ray maps taken by EPMA showed the elemental distribution (Fig. 5.19) in the 
interfacial region.
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Figure 5.19 -  X-ray elemental maps of the regions 1 and 2, taken by EPMA at 15 keV 
(Mag. x80)
The elemental maps showed the extent of the diffusion of the elements W and Co 
from the WC particle and Cr and Fe from the WCI matrix. The Fe and Cr diffused
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from the region 1 to the region 2 while the W and Co diffuse from region 3 to the 
region 2 .
5 .1 .3 .3  R eg io n  2: T h e  A re a  a ro u n d  U n -D isso lved  W C  P a r tic le s
Around the WC particles the structure became even more complex owing to 
interdiffusion of elements from the WCI matrix and the reinforcing carbide/s leading 
to the formation of three reaction zones (Fig. 5.20). Due to the irregular geometry of 
the reinforcing particles it was impossible to specify accurately the extent of diffusion 
around each particle. However, the reaction zones could be seen clearly and thus the 
phases that formed in each zone could be analysed by EPMA (see below).
Figure 5.20 -  Photomontage of a WC particle and the reaction zones (1, 2 and 3) 
around it (Mag. *50). VILELLA etching. Sample annealed
The microstructure in reaction zone 1 (RZ 1, see also Fig. 5.21), depended on the 
extent of the dissolution of the WC particle. Dissolution was facilitated by the
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p r e s e n c e  o f  C o  w h i c h  r e d u c e s  t h e  m e l t i n g  p o i n t  ( F i g .  5 . 1 5 ) .  I n  s h o r t  r e a c t i o n  z o n e s  1 
t h a t  f o r m e d  w h e n  t h e  d i s s o l u t i o n  o f  t h e  W C  w a s  n o t  e x t e n s i v e ,  f i n e  n e e d l e - l i k e  a n d  
p o l y g o n a l  s t r u c t u r e s  a p p e a r e d  g r o w i n g  o u t w a r d s  f r o m  t h e  u n - d i s s o l v e d  W C  p a r t i c l e ,  
w h i l e  t h e  c o a r s e r  p a r t i c l e s  g a t h e r e d  i n  t h e  o u t e r  r e g i o n  o f  R Z  1 c r e a t i n g  R Z  2 .  I n  
l a r g e r  z o n e s ,  w h e r e  t h e  d i s s o l u t i o n  o f  W C  w a s  m o r e  e x t e n s i v e ,  t h e  a s p e c t  r a t i o  o f  t h e  
n e e d l e - l i k e  s t r u c t u r e s  i n c r e a s e d  a n d  t h e  p o l y g o n a l  s t r u c t u r e s  b e c a m e  c o a r s e r .  
F u r t h e r m o r e ,  t h e  c o a r s e  p a r t i c l e s  o f  R Z  2  n o w  a p p e a r e d  m u c h  l a r g e r  i n  R Z  1 ( F i g .  
5 . 2 2 ) .
(a)
Extended 
RZ 1
(b) Primary
W-rich
carbides
F i g u r e  5 . 2 2  -  M i c r o g r a p h s  s h o w i n g  t h e  m i c r o s t r u c t u r e  o f  t h e  M M C  r e g i o n  ( a )  W C  
p a r t i c l e s  ( 1 ,  2  a n d  3 )  w i t h  e x t e n d e d  r e a c t i o n  z o n e  1 ( M a g .  * 2 5 )  a n d  ( b )  m i c r o s t r u c t u r e  
o f  t h e  r e a c t i o n  z o n e  1 a r o u n d  t h e  r e m a i n i n g  u n - d i s s o l v e d  W C  p a r t i c l e  ( M a g .  * 5 0 ) .  
V I L E L L A  e t c h i n g .  S a m p l e  a n n e a l e d
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The X-ray elemental maps in Figure 5.23 show the distribution of the elements in 
regions 2 .
300pm 1 Cr Ka1300pm ~ ' Electron Image 1
300pm WLa1
300pm 1 CoKat 1 300pm 1 CKa1_2
Figure 5.23 -  X-ray elemental maps of a region 3 and a large reaction zone 1 taken by 
EPMA at 15 keV.
The elemental maps showed that the needle-like structures and the eutectic phases 
around them were rich in Cr. The coarse phases around the un-dissolved WC particle
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were primary carbides of W with Co. The Co appeared also in the un-dissolved WC 
particles and was found to exist in the same areas with Fe, which appeared with W in 
the background of RZ 1. Therefore, it can be assumed that a percentage of W and Co 
was present in solid solution in the matrix.
Continuing with the study of RZ 2, the presence of the primary W carbides dominated 
in this zone, which developed at the outer periphery of the RZ 1 (Fig. 5.21). The size 
of these carbides varied and could reach up to 200  pm.
1mm 1 Electron Image 1
Figure 5.21 -  Electron image of the three regions and the three reaction zones of the 
MMC. Sample annealed (Mag. *40)
At higher magnifications, the precipitation of secondary W rich carbide particles 
(indicated by Sw in the electron image 1 in Figure 5.24) could be identified on 
primary W carbide particle regions.
Figure 5.24 shows X-ray elemental maps of a region containing the primary W 
carbide particles (indicated by Pw in the electron image 1 in Figure 5.24).
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40ym 1 CrKal40ym 1 Electron Image 1
40ym 1 Fe Ka1 40pm 1 CoKal
1 1 1 ®
l | i p &
W m
& w i
40ym 40ym
Figure 5.24 -  X-ray elemental maps showing primary and secondary W carbides in a 
hypereutectic (due to the diffusion of C from the reinforcing carbide particles) cast 
iron matrix EPMA at 15 keV (Mag. *1200).
The elemental maps in Figure 5.24 identify the primary W carbides as well as the 
primary Cr carbides (indicated by PCr, in the electron image 1 in Fig. 5.24) formed in 
between them, eventually becoming the dominant phases in RZ 3 (Fig. 5.24).
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In RZ 3 the main features were the hexagonal and needle-like structures of the 
primary Cr carbides growing perpendicular and outwards from the zone RZ 2 parallel 
to the heat flow and towards the interface (Fig. 5.25). Next to the above structures and 
close to the zone RZ 2 started the formation of the eutectic carbides of W, which 
followed the same route with the primary Cr carbides and tended to disappear with 
distance away from the un-dissolve WC particle (Fig. 5.26a and b). Figure 5.26 also 
shows that the eutectic W carbides, close to the primary ones, were attached initially 
to them, which is another sign of their affinity (circle in Fig. 5.25). At the background 
of the zone RZ 3 the secondary carbides made their presence (Fig. 5.26c and d) but 
with the only difference that now their nature was influenced from a larger number of 
elements being present in this zone.
Figure 5.25 -  Micrograph of a reaction zone 3 showing the microstructure of the 
primary and eutectic W and Cr rich carbides, taken by EPMA at 15 keV (Mag. *140).
400pm Electron Image 1
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100pm 1 Electron Image 1
(a)
Secondary carbides of Fe, 
Co, W
30pm ' Electron Image 1 1 36pm 1 Electron Image 1
(C) (d)
F i g u r e  5 . 2 6  -  M i c r o g r a p h s  o f  r e a c t i o n  z o n e  3  s h o w i n g :  ( a )  a n d  ( b )  ( M a g .  * 5 0 0 )  t h e  
r e d u c t i o n  i n  s i z e  o f  t h e  W  r i c h  e u t e c t i c s  a s  w e  m o v e  a w a y  f r o m  t h e  W C  p a r t i c l e  a n d  
( c )  a n d  ( d )  t h e  p r e s e n c e  o f  t h e  s e c o n d a r y  c a r b i d e s  a r o u n d  t h e  p r i m a r y  a n d  e u t e c t i c  
c a r b i d e s  ( M a g .  *  1 5 0 0 ) .  S a m p l e  a n n e a l e d .  T h e  b o x e s  i n  ( a )  a n d  ( b )  i n d i c a t e  t h a t  t h e s e  
r e g i o n s  a r e  s h o w n  a t  a  h i g h e r  m a g n i f i c a t i o n  i n  ( c )  a n d  ( d )  r e s p e c t i v e l y .
T h e  X - r a y  e l e m e n t a l  m a p s  i n  F i g u r e  5 . 2 7  i n d i c a t e  t h e  d i s t r i b u t i o n  o f  t h e  m a i n  
e l e m e n t s  i n  t h e  z o n e  R Z  3 .
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300pm Electron Image 1
300pm 1 Fe Ka1 1 300pm ' Co Ka1
300pm 1 WLal 1 300pm 1 CKa1_2
Figure 5.27 -  X-ray elemental maps of reaction zone 3 taken by EPMA at 15 keV 
(Mag. *150)
According to the X-ray maps in Figure 5.27, the Co seems to share common areas 
mainly with Fe, while the Cr seems to appear weakly in the same area, i.e.
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background of RZ 3. This, in fact, indicates the presence of these elements in the 
secondary carbide phases of this area (see Table 5.2)
Unfortunately, the presence and influence of C in the above phases (especially the 
secondary carbides) can not be shown very clearly in this analysis due to the large 
presence of heavy elements in the microstructure such as W, making it difficult to
produce good maps by EPMA for light elements such as C.
5 .1 .3 .4  R eg io n  3 : T h e  U n -D isso lv ed  W C  P a r t ic le
In the region 3 of the MMC, the un-dissolved WC particle was present. The 
microstructure of the WC particles remained the same as in their as received condition 
prior to the reaction with the WCI melt (see Fig. 5.20).
5 .1 .3 .5  E P M A  d a ta  fo r  th e  M M C
Bulk areas (~ 0.5 x 0.5 mm) of the reaction zones were analysed in the EPMA in 
order to determine the composition in each zone. The results are given in Table 5.6. 
The chemical analysis of phases present in each zone is given in Table 5.7.
Table 5.6 -  Chemical analysis of the bulk of the reaction zones of the MMC
Zones Elements (wt. %)
W Co C Cr Fe Mo
RZ 1
66.1-72.4*
69.3**
2.1-2.7 
2.4
3.1-3.7 
3.4
5.8-5.9
5.9
16.6-20.6
18.6 -
RZ 2 70.0-74.5
71.8
4.1-9.1 
6.0
1.3-2.0 
1.5
4.7-5.9
4.9
15.1-20.0
17.0 -
RZ 3 15.0-15.9
15.4
2.1-2.5 
2.3
3.6-4.4 
3.9
18.3-18.4
18.4
57.3-60.0
58.9
0.6-0.8
0.7
* Minimum -  maximum values, ** Mean value (from 10 values)
The chemical analysis in Table 5.6 confirms the dissolution of the WC reinforcing 
particle as W and Co were present in all three of the reaction zones. There is a change 
in W, Fe and Cr content as we move from RZ 1 to RZ 2. The main elements of the
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WCI matrix (Fe and Cr) are replaced by the W as the latter one diffuses from the 
reinforcing particle into the WCI matrix. The concentration of Fe in RZ 3 is larger 
than that of Cr. Comparison of the bulk analyses of the WCI matrix (Table 5.3) and 
RZ 3 shows that with the increase of W, the Cr concentration was not affected as 
much as Fe. On the other hand, C and Co do not vary much as we move through the 
reaction zones. Due to the nature of RZ 2, which consists of primary W-rich carbides, 
the chemical analysis of RZ 2 reflects the presence of these carbides.
Table 5.7 -  Chemical analysis of the phases formed in the MMC
Phase/ zone Elements (>vt. %)
W Co C Cr Fe Mo Si Ni Cu
Un-dissolved
WC
73.1-86.8*
78.2**
5.3-19.4
13.5
6.7-10.8
8.3 - - - - - -
Reaction Zone 1 (sec Fig. 5.22b)
Eutectic 
W-rich phase
22.3-73.0
53.8
1.1-4.3 
2.2
7.7-8.9
8.1
5.8-8.6 
6.9
16.0-25.3
20.1 - - - -
Eutectic 
Cr, Fe and W- 
rich phase
18.4-42.0
27.6
0.0-1.2 
0.6
5.3-10.7
8.2
10.7-38.2
25.6
21.7-51.0
34.7 - - - -
Reaction Zone 2 (see Fig. 5.21)
Primary 
W-rich phase
62.8-77.6
69.2
1.5-9.9 
5.5
3.2-S.2
4.3
3.1-7.1 
5.3
10.6-24.4
16.3 - - - -
Reaction Zone 3 (see Fig. 5.25)
Primary
Cr-rich
m 7c 3
2.6-5.0
4.0
0.0-1.0
0.3
11.3-13.2
12.4
43.3-53.5
48.2
33.5-37.4
34.6
0.0-0.9
0.4 - - -
Eutectic
Cr-rich
M7C3
9.0-12.0
10.4
0.0-1.6 
1.0
10.8-12.2
11.5
32.0-37.3
34.3
39.6-43.4
42.1
0.0-1.2 
0.6 - - -
Eutectic 
W-rich phase
59.4-60.0
59.7
1.6-2.6 
2.0
4.5-4.9
4.6
4.4-5.6
4.9
25.9-27.7
27.1
1.4-2.4 
1.7 - - -
Secondary
M23Cs
0.0-7.2
3.7
1.1-2.4 
1.8
3.5-7.0 
5.1
6.45-13.5
10.6
72.8-85.8
76.4
0.0-0.7 
0.1
0.4-0.9
0.7
0.0-0.9
0.4
1.4-2.2 
1.7
The Matrix Side of the Interface (sec Fig. 5.21)
Eutectic
Cr-rich
m 7c 3
- -
12.4-13.4
12.9
51.3-54.5
53.2
32.1-34.0
33.0
0.6-2.0
1.0 - - -
Secondary 
M23C c - -
4.4-6.1 
5.1
12.1-14.6
13.6
76.2-80.2
77.9
0.0-0.9
0.3
0.7-0.8 
0.8
0.0-0.7
0.2
1.0-1.9 
1.5
* Minimum -  maximum values, ** Mean value (from 10 values)
The eutectic and primary carbide phases of both W and Cr are isomorphous but differ 
in morphology, as discussed in sections 5.1.3.2 and 5.1.3.3 (Figs. 5.18 and 5.25). The
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eutectic Cr rich M7C3 carbides appeared in the hypoeutectic matrix while the primary 
and eutectic Cr and W rich carbides were present in the hypereutectic MMC region. 
The Table 5.7 confirms the presence of the M2 3 C6 formed in the ferritic matrix of the 
WCI alloy as well as in the matrix of the MMC material. Due to the size of the 
secondary carbides (M2 3 C6) the quantitative EPMA analysis was affected from the 
WCI matrix (see section 3.4.2). Therefore, elements that are dissolved in the solid 
solution of the matrix appeared in the composition of the M2 3 C6 carbides.
The chemical compositions of the phases that appeal* in both the WCI matrix and the 
MMC (i.e. M7C3 and M2 3 C6) agree with the result of the bulk chemical analysis of the 
three reaction zones (Table 5.6) where in each of the two phases the main elements of 
the WCI matrix (i.e. Fe and Cr) are replaced by W and Co.
The solidification path calculated using the Thermo-Calc software for an alloy with 
composition similar to that of the RZ 3 given in Table 5.6 (i.e. C = 4 %, Cr = 20 %, W 
= 15 % and Co = 5 % (wt. %), see Fig. A2.33) gave the phases M7C3 , MeC, MC, FesC 
and FCC Fe. From these phases only the M7 C3 was confirmed in the RZ 3 of the 
MMC. Solidification paths for RZ 1 and 2 could not be calculated by Thermo-Calc 
due to the high W content on these zones (the software uses the database for Fe-base 
systems only).
5 .1 .3 .6  T h e  A s -Q u e n c h e d  M M C
In the MMC region the quenching heat treatment (see section 3.3), left the eutectic 
and primary carbides unaffected and generated more secondary carbides, as in the 
WCI matrix (see section 5.1.1.2). Typical microstructures are shown in Figures 5.28 
to 5.30.
The quenching heat treatment caused the coarsening of the secondary carbides in the 
zone RZ 3, where the secondary carbide phases, which are prone to clustering (Fig. 
5.28b), tend to isolate each other and form small individual units (Fig. 5.28a). It was 
not possible to deduce whether the volume fraction of the carbides in the matrix had 
been increased. The main features in RZ 2 are the primary W-rich angular carbides,
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o n  w h i c h  s e c o n d a r y  a n g u l a r  c a r b i d e s  p r e c i p i t a t e  r a n d o m l y .  T h e s e  s e c o n d a r y  c a r b i d e s  
p r o b a b l y  o r i g i n a t e d  f r o m  t h e  W - r i c h  a n g u l a r  p h a s e s  o f  R Z  1 a n d  d u e  t o  t h e i r  r a n d o m  
p r e c i p i t a t i o n  ( F i g .  5 . 2 9 a  a n d  b )  a n y  c o m p a r i s o n  o f  t h e  m i c r o s t r u c t u r e s  o f  t h e  a s -  
q u e n c h e d  a n d  a s - c a s t  R Z  2  o f  t h e  M M C  w o u l d  n o t  m a k e  s e n s e .  I n  R Z  1 t h e  p h a s e s  
r e m a i n e d  u n c h a n g e d ,  a s  t h e  a n g u l a r  p h a s e s  t h a t  m a k e  u p  t h e  m i c r o s t r u c t u r e  o f  t h a t  
z o n e ,  s e e m e d  t o  h a v e  t h e  s a m e  c h a r a c t e r i s t i c s  b e f o r e  a n d  a f t e r  t h e  h e a t  t r e a t m e n t  ( F i g .  
5 . 3 0 ) .
(a)
Electron Image 1
Coarse 
secondary 
carbides in 
RZ 3
Eutectic Cr 
carbide
(b)
10pm ' Electron Image 1
Eutectic W 
carbide
Clustering
of
secondary
carbides
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F i g u r e  5 . 2 8  -  S e c o n d a r y  c a r b i d e  p r e c i p i t a t i o n  i n  r e a c t i o n  z o n e  3 ( a )  a s - q u e n c h e d  a n d  
( b )  a s - c a s t  s a m p l e  ( M a g .  * 5 5 0 0 )
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z o n e  2  ( a )  a s - q u e n c h e d  ( M a g .  * 1 5 0 0 )  a n d  ( b )  a s - c a s t  s a m p l e s  ( M a g .  * 1 2 0 0 )
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Figure 5.30 -  Carbide phases in reaction zone 1 (a) as-quenched (Mag. *3000) and (b) 
as-cast sample (Mag. *2700)
5 .1 .3 .7  T h e  15 %  C r-M o -L C  a n d  25 %  C r  W C I-W C  M M C s
The change of the chemical composition of the matrix did not affect the 
microstructures of the regions and reaction zones of the two composites with the 15 
and 25 Cr WCI matrixes. Typical microstructures of these MMCs are shown in 
Figures 5.31 and 5.32 and the chemical analyses of the bulk of the reaction zones and 
of the phases present are given in Tables 5.8 to 5.11. According to the EPMA data in
Fe, Cr and 
Co-rich 
region
20pm 1 Electron Image 1
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Tables 5.9 and 5.11 the same phases were present in the regions and reaction zones of 
the 25 % Cr and 15 % Cr-Mo-LC WCI-WC MMCs as for in the 20 % Cr-Mo-LC 
WCI-WC MMC (Figs. 5.31 and 5.32). The microstructures of the 15 % Cr and 25 % 
Cr WCI-WC MMCs showed the characteristic phases that were present in the reaction 
regions of these PRMMCs.
Primary Cr 
carbide
(a)
Dendritic 
eutectic W 
carbide
70pm 1 Electron Image 1
(b)
Figure 5.31 -  Typical microstructures formed in the 25 % Cr MMC (a) dendritic 
structure of eutectic W carbide that solidified next to primary Cr carbides (Mag. 
*800) and (b) RZ 3 surrounded by three WC particles (1,2 and 3) and their reaction 
zones RZ1 and 2 (Mag. x40)
Primary W 
carbide
Hexagonal and 
needle-like 
primary Cr 
carbides
1mm ' Electron Image 1
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Eutectic W 
carbide
80pm 1 Electron Image 1
Eutectic Cr 
carbide
Primary Cr 
carbide
Eutectic W 
carbide
Figure 5.32 -  Typical microstructures formed in the 15 % Cr-Mo-LC MMC (a) 
dendritic structure of eutectic W and Cr carbide that solidified adjacent to each other 
(Mag. *700) and (b) WC particles and reaction zone RZ 1, 2 and 3 (Mag. xlOO)
The microstructures show the partially dissolved WC reinforcing particles with the 
three reaction zones forming around them (Fig. 5.31b). The RZ 3 was characterized 
by eutectic W carbides forming dendritic eutectic patches, next to needle-like or 
hexagonal primary Cr carbides (Fig. 5.31a) as well as eutectic Cr carbides (Fig. 
5.32a). Entering the RZ 2 the distinctly angular primary W carbides made their 
presence (Fig. 5.31b and 5.32b) while when the WC dissolution was extensive enough
Primary W 
carbide
500pm 1 Electron Image 1
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the latter phases together with the needle-like structures of the Cr carbides continued 
in RZ 1 (Fig. 5.31b). For a less extensively dissolved WC particle, the RZ 1 appeared 
with less variety of phases and consisted only of small angular W-rich carbides that 
were seen at higher magnification to be like those in Figure 5.30.
The data from the chemical analysis of the bulk of the reaction zones for the 25 % Cr 
(Table 5.8) follows the same trend as the results of the analysis of the 20 % Cr-Mo- 
LC WCI-WC MMC (Table 5.6) as the increase of the W content is at the same level 
(from RZ 1 to RZ 3) while the Cr content has been increased in RZ 3 following the Cr 
increase in the WCI matrix. However, in the RZ 1 the Cr concentration remained at 
the same level. A significant change was observed in the C content, which increased 
by 3-4 wt. % in all the reaction zones. This increase is attributed due to the higher C 
content of the 25 % Cr WCI alloy.
The analysis of the 15 % Cr-Mo-LC WCI MMC (Table 5.10) shows the presence of 
Ti (10 wt. %) only in RZ 1, where the Ti replaces mainly the W and to a lesser extent 
the Cr. The W content in RZ 3 remained at the same level like in the other two MMCs 
while the C content in the three reaction zones was in agreement with that of the 20 %  
Cr-Mo-LC WCI-WC MMC (Table 5.6). On the other hand, the Cr content was 
reduced following the Cr reduction in the WCI melt from 20 wt. % to 15 wt. %.
According to the chemical analyses of the 25 % Cr and 15 % Cr-Mo-LC WCI-WC 
MMCs and the WCIs matrixes the phases present in their microstructures were the 
same as those in the 20 % Cr-Mo-LC. Differences in the compositions of these 
phases are attributed to the increase/decrease of Cr content in the WCI matrix which 
affects the reaction region in the MMC. The Cr content of the eutectic M7C3 and the 
secondary M23C6 carbides both in the MMC and the WCI matrix, increased at the 
expense of the Fe content proportionally to the increase of Cr in the WCI matrix. In 
RZ 3, the primary Cr M7C3 carbide as well as the W and Cr/W eutectic phases in RZ 
1, were affected in a similar manner from the Cr increase/decrease of the WCI matrix. 
Flowever, the isomorphous eutectic and primary W-rich phase in RZ 3 and RZ 2 
respectively were not strongly affected from the increase of Cr in the WCI matrix.
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Calculated solidification paths corresponding to the RZ 3 in Tables 5.8 and 5.10 (i.e. 
the solidification paths for the 25 % Cr WCI-WC MMC: C = 6 %, Cr = 20 %, W = 15 
% and Co = 5 % and for the 15 % Cr-Mo-LC: C = 4 %, Cr = 14 %, W = 20 % and Co 
= 5 % (wt. %) see Fig. A2.36 and A2.19) predicted for both of them the phases MC, 
M7C3, Fe3C and FCC Fe.
Comparing the predictions of the above phases with those for the 20 % Cr-Mo-LC 
WCI-WC MMC, the MbC carbide is predicted to form, in addition to the above phases 
in the 20 %  Cr-Mo-LC WCI. The Thermo-Calc results summarised in section 4.4.1 
showed the stabilization of certain phases resulting from the increase of Cr, C or W 
concentrations in the alloy system. These results are supported by the experimental 
data for the chemical analyses of the phases and show that the stabilization of the 
M7C3 and M23C6 phases due to the increase of Cr agrees well with the fact that the 
chemical compositions of these carbides are strongly affected by the increase of Cr.
Table 5.2 summarize the phases identified by XRD in the MMCs using the data in the 
Figures 5.33 and 5.34.
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Figure 5.33 -  X-ray diffractogram of the 15 % Cr-Mo-LC WCI-WC MMC (see also 
Table A 1.2 in Appendix Al)
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20
Figure 5.34 -  X-ray diffractogram of the 25 % Cr WCI-WC MMC (see also Table 
A 1.6 in Appendix Al)
Comparison of the data for the three MMCs summarized in Table 5.2 (see also Fig. 
5.17, 5.33 and 5.34) shows that almost the same phases were present in the 
microstructure of all the MMCs. However, there are some phases that are unique for 
some. Thus, the carbides (Cr, Fe)7C3, (Cr2.5Fe4.3Moo.i)C3 and Fe5C2 could not be 
present in the 20 % Cr-Mo-LC WCI-WC MMC and Fe6W6C could not be present in 
the 25 % Cr WCI-WC MMC. Finally the Cr23Fe2i(W, MofyC^ carbide could be 
present only in the 20 % Cr-Mo-LC WCI-WC MMC.
Figures 5.35 and 5.36 show the X-ray elemental maps from the 15 % Cr-Mo-LC and 
25 % Cr WCI-WC MMC. These figures show characteristic microstructures of the 
reaction region of these PRMMC. In Figure 5.36 the distinct hexagonal primary Cr 
carbides are present in RZ 3 surrounded by eutectic carbides of both Cr and W, while 
the primary W carbides start to appear as we enter the RZ 2. In the microstructure 
shown in Figure 5.35 the same phases appear in RZ 2 and RZ 3 while in RZ 1 Ti is 
present in the complex eutectic of Cr, Co, Fe and W (see section 5.1.2).
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300pm 1 Cr Ka1
300pm 300pm ' Co Ka1
300pm WLa1 300pm C Ka1_2
300pm 1 Ti Ka1
Figure 5.35 -  X-ray elemental maps of reaction zones RZ 1, RZ 2 and RZ 3 of the 15 
% Cr-Mo-LC MMC taken by EPMA at 15 keV (Mag. xl50)
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Electron Image 1 CrKal
300um ‘ Co Ka1
Figure 5.36 -  X-ray elemental maps of reaction zones RZ 2 and RZ 3 of the 25 % Cr 
MMC taken by EPMA at 15 keV (Mag. *150)
The microstructures of the three MMCs shown in Figures 5.27, 5.35 and 5.36 exhibit 
similarities in the morphology of the phases but also show differences in the sizes of 
these phases. The increase/decrease in the Cr content of the WCI matrix has an effect 
on the size of the primary Cr carbides in RZ 3, where the carbides tend to become 
coarser as the Cr concentration increases.
300ym
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Table 5.8 — Chemical analysis of the bulk of the reaction zones formed in the 25 % Cr
WCI MMC
Zone Elements (wt. %)
W Co C Cr Fe Mo
RZ 1 66.6-69.2*
67.9**
1.1-1.5 
1.4
7.6-8.0
7.8
5.6-5.8 
5.7
15.5-18.6
17.2 -
RZ 2 66.3-70.1
69.5
1.0-1.7 
1.5
1.4-2.5 
2.0
4.4-6.2
5.4
20.0-21.5
20.7 -
RZ 3 15.1-16.6
16.1
1.7-3.6
2.6
7.5-8.0 
7.9
20.4-23.0
21.8
50.8-52.4
51.7
0.5-0.8
0.7
* Minimum -  maximum values, ** Mean value (from 10 values)
Table 5.9 -  Chemical analysis of the phases formed in the 25 % Cr WCI MMC
Phase/ zone Elements (wt. %)
W Co C Cr Fe Mo Si Mn Ni
Un-dissolved
WC
75.8-82.8*
78.9**
6.4-15.9
12.4
7.0-8.1 
7.8 - - - - - -
Reaction Zone 1 (see Fig. 5.31b)
Eutectic 
W-rich phase
66.6-71.6
69.1
1.5-1.7
1.6
7.8-S.4
8.1
5.0-6.4 
5.8
13.6-16.8
15.3 - - - -
Eutectic 
Cr, Fe and W- 
rich phase
14.2-46.7
24.5
1.0-2.0 
1.6
9.8-11.6
10.9
25.6-42.5
37.0
17.0-29.8
26.0 -
_ - -
Reaction Zone 2 (sec Fig. 5.31b)
Primary 
W-rich phase
66.3-69.1
67.5
1.0-1.7 
1.5
4.2-5.5
5.0
4.4-6.2
5.4
20.0-21.5
20.7 - - - -
Reaction Zone 3 (sec Fig. 5.31b)
Primary
Cr-rich
M7C3
11.9-13.3
12.8
0.7-1.4
1.3
11.4-12.5
11.9
49.1-54.2
53.0
29.4-32.8
31.1
0.0-0.5 
0.2 - - -
Eutectic
Cr-rich
. M7C3
9.6-10.9
10.4
2.2-2.3 
2.2
11.9-12.0
12.0
34.4-38.9
35.6
41.2-44.8
43.2
0.5-0.7
0.6 - - -
Eutectic 
W-rich phase
61.6-62.8
62.2
2,4-2.6
2.5
5.0-6.0
5.6
3.4-4.4
3.9
23.5-25.4
24.7
0.9-1.4 
1.1 - - -
Secondary
M23Cfl
6.7-8.4
7.4
5.6-8.0
6.9
4.6-5.8 
5.0
5.7-7.5 
6.4
71.8-74.2
73.2
0.0-0.5
0.1
0.5-0.8
0.7
0.0-0.6
0.4
0.8-1.3 
1.0
The Matrix Side of the Interface (see Fig. 5.11a)
Eutectic
Cr-rich
M7C3
- -
11.5-12.6
11.9
58.5-60.2
59.6
27.3-30.0
28.5 -
_ - -
Secondary
m23c6 - -
2.9-5.7
4.5
12.3-16.3
14.0
75.9-83.0
79.4
0.0-1.3 
0.6
0.6-0.7
0.6
0.0-0.9
0.7 -
* Minimum -  maximum values, ** Mean value (from 10 values)
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Table 5.10 -  Chemical analysis of the bulk of the reaction zones formed in the 15 %
Cr-Mo-LC WCI MMC
Zones
Elements {wt. %)
W Ti Co C Cr Fe Mn
RZ 1 61.7-64.3
62.3
10.9-12.3
11.2
1.2-1.3 
1.3
3.7-4.7 
4.5
2.7-5.6
4.4
9.8-18.0
15.3 -
RZ2 66.0-68.067.3
_ 1.5-1.9 
1.7
1.1-2.5 
1.7
3.9-5.4 
4.0
20.7-23.8
23.4 -
RZ 3 16.6-17.9
17.0 -
3.2-3.6 
3.5
4.2-4.8
4.3
9.7-20.4
15.8
50.8-60.0
55.9
0.0-0.7
0.5
* Minimum -  maximum values, ** Mean value (from 10 values)
Table 5.11 -  Chemical analysis of the phases formed in the 15 % Cr-Mo-LC WCI
MMC
Phases / zones Elements (wt. %)
W Ti Co C Cr Fe Mn Si Ni Cu
Un-dissolved
WC
61.7-73.7
69.9
7.2-12.5
11.7
4.7-15.2
9.0
8.5-9.0 
8.7 - - - - - -
Reaction Zone 1 (sec Fig. 5.32b)
Eutectic 
W-rich phase
57.9-60.4
58.9
23.5-29.7
26.0
0.0-0.6
0.3
11.3-12.0
11.7
0.0-0.8
0.7
3.2-7.7
5.1 - - - -
Eutectic 
Cr, Fe and W- 
rich phase
12.0-28.2
17.5
0.4-14.3
5.4
1.2-2.0 
1.5
6.3-11.4
10.0
31.8-1.8
20.2
39.4-47.4
44.0 - - - -
W Reaction Zone 2 (see Fig. 5.32b)
Primary 
W-rich phase
61.2-68.5
64.3
2.0-2.1 
2.0
3.2-7.0 
5.4
4*. T
*- 
-Fa io 22.1-25.8
24.2 - - - -
Reaction Zone 3 (see Fig. 5.32b)
Primary
Cr-rich
M7C3
11.5-12.6
12.0
1.0-1.6 
1.4
10.9-11.2
11.0
24.0-35.2
32.3
40.3-51.7
43.3 - - - -
Eutectic
Cr-rich
M7C3
5.5-12.2
9.4
1.3-5.2 
2.5
5.5-11.0
9.2
20.6-27.2
24.3
48.3-59.9
53.0 - - ~ -
Eutectic 
W-rich phase
63.9-65.3
64.6
1.5-2.3 
1.7
4+
+ 
+
 
oo 
c/i 3.3-3.8 
3.6
25.0-25.4
25.2 - - - -
Secondary
M w C e
4.0-7.4
6.1
4.3-4.8
4.6
4.3-5.4
4.7
4.1-6.4
5.6
74.4-80.6
77.0
0.0-0.9
0.7
0.2-0.5
0.4 -
I.0-1.5 
1.2
The Matrix Side of the Interface (sec Fig. 5.11c)
Eutectic
Cr-rich
M7C3
- -
11.7-12.3
12.0
43.0-46.2
45.0
41.8-44.9
43.0 - - - -
Secondary
M 23C 6
_ -
7.1-8.2 
7.5
11.2-11.9
11.5
77.4-79.9
78.6
0.6-1.3 
0.9
0.3-0.4
0.4
0.0-0.9
0.2
0 1
* Minimum -  maximum values, ** Mean value (from 10 values)
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On the other hand, W-rich phases in RZ 2 and RZ 3 depend on the dissolution of the 
reinforcing WC particles. The more extensive the dissolution the coarser become 
these phases. However, due to the angular geometry of the reinforcing WC particles it 
has not been possible to compare the size of the particle prior to dissolution with that 
after dissolution and the coarsening of the W-rich phases in the reaction region.
5.2 H a rd n e s s
The macro-hardness of the samples used in tribological tests was measured as 
discussed in section 3.5 and the data is given in Tables 5.12 and 5.13. The hardness 
measurements in the MMC have been taken from the RZ 3. The hardness values in 
the reaction region varied from sample to sample due to the different concentration of 
reinforcement in the examined area of the specimen, where, for high concentrations, 
the RZ 3 became small and it was not possible to distinguish the RZ 1 and RZ 2 from 
the un-dissolved WC particle even with macro-etching since RZ 1 and RZ 2 etched 
the same.
Table 5.12 — Hardness of the WCI matrixes
Sample no.+ Hardness (11 Rc) Sample no.+ Hardness (HRc)
lb 38.3-40.3* 5b
42.0-44,4*
39.4** 43.5**
lqb 54.4-56.2
55.5 5qb
58.2-60.4
59.2
* Minimum -  maximum values, ** Mean value (from 8 values), + see Table 3.4
The mean hardness values of the 15 and 20 % Cr-Mo-LC WCI matrixes in Table 5.12 
show that the increase in the Cr content and the corresponding increase in carbide 
content (Table 5.1) as well as the quenching heat treatment increase the hardness of 
the unreinforced samples. A comparison of the average hardness values of the MMC 
samples in Table 5.13 shows that there is no relationship between the hardness and the 
size or the weight (volume fraction) of the carbide reinforcements or with the Cr 
content of the WCI matrix. However, the quenching heat treatment did increase the 
hardness value of all the samples.
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Table 5.13 -  Hardness of the RZ 3 in the MMCs
Sample no.+ Hardness (HRc) Sample no.+ Hardness (HRc)
1 55.0-59.4*57.3** 5
62.2-64.2*
63.2**
iq
64.4-67.1
66.0 5q
63.7-64.5
64.1
2 56.4-57.8
56.8 6
43.4-44.8
44.0
2q
63.5-66.2
64.5 6q
64.1-65.9
65.2
3 54.1-55.555.0 7
48.7-54.1
51.6
3q
63.4-65.7
64.6 7q
67.4-69.5
68.6
4 53.3-58.4
55.0
8 57.4-59.3
58.5
4q
61.9-66.2
63.2 8q
62.3-63.5
62.9
* Minimum -  maximum values, ** Mean value (from 8 values), + see Table 3.4
5.3 W e a r  B e h a v io u r
5.3.1 P in -O n -D ise  (P O D ) T e s ts
The roughness of the specimens was measured before testing (see section 3.5). The 
roughness values R«, RZ(din) and Rmax are given in Table 5.14. The Ra is the average 
roughness, i.e. the arithmetic mean of the deviation of the roughness profile from the 
mean line. The RZ(din) is the mean peak-to-valley height of the profile in the 
assessment length and the Rmax is the maximum peak-to-valley height.
The analysis of the roughness data in Table 5.14 shows that there is no relation 
between the roughness of the MMC and the size or the weight (volume fraction) of 
the carbide reinforcements or with the Cr content or the heat treatment of the WCI 
matrix. In the unreinforced samples the roughness was the same (0.10 to 0.14) for all 
the samples.
The wear and friction data were measured as described in section 3.5 and are given in 
Table 5.15.
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Table 5.14 — Roughness data
Sample no.+ R« R/iDJNl Rjnnx
1 0.34 2.60 4.07
lb 0.14 1.06 1.40
lq 0.16 1.19 1.74
lqb 0.10 0.94 1.43
2 0.11 0.81 1.19
2q 0.19 1.35 2;oo
3 0.16 1.29 1.96
3q 0.42 2.90 4.77
4 0.21 1.58 2.52
4q 0.38 2.61 4.88
5 0.55 4.16 6.98
5b 0.10 0.90 1.44
5q 0.20 1.45 1.88
5qb 0.10 0.79 1.06
6 0.15 1.31 1.81
6q 0.11 1.12 1.74
7 0.08 0.72 1.14
7q 0.55 2.83 4.53
8 0.12 1.03 1.41
8q 0.14 1.11 1.76
see "able 3.4
Table 5.15 -  The wear and friction data
Sample no.
Hardness
(HRc)
(average)
Ra
(pm)
If +A A w
(pm)
(average)
A ,v 
(pm2)
w
(xlO*14)
(m3/Nm)
COF*
Mean Value/Cycles
1 57.3 0.34 15.97 12953 4.32 0.672/30000
lb 39.4 0.14 30.56 23928 8.00 0.601/30000
iq 66.0 0.16 3.96 1895 0.63 0.558/30000
lqb 55.5 0.10 9.86 4912 1.64 0.653/30000
2 56.8 0.11 13.61 9793 3.26 0.656/30000
2q 64.5 0.19 5.83 2985 1.00 0.679/30000
3 55.0 0.16 9.31 7021 2.34 0.707/30000
3q 64.6 0.42 4.24 2634 0.88 0.673/30000
4 55.0 0.21 25.35 21140 7.05 0.580/30000
4q 63.2 0.38 6.74 3755 1.25 0.621/30000
5 63.2 0.55 1.88 873 0.29 0.561/30000
5b 43.5 0,10 9.72 4842 1.61 0.651/30000
5q 64.1 0.20 5.69 2408 0.80 0.625/30000
5qb 59.2 0.10 9.03 3723 1.24 0.653/30000
6 44.0 0.15 10.42 5844 1.95 0.675/30000
±9_____ 65.2 0.11 6.39 2665 0.89 0.676/30000
7 51.6 0.08 8.19 4860 1.62 0.681/30000
7q 68.6 0.55 2.50 721 0.24 0.551/30000
8 58.5 0.12 7.78 4470 1.49 0.703/30000
....§ q . ....... 62.9 0.14 7.50 3803 1.27 0.673/30000
* COF: C o effic ien t o f  fr ic t io n ,+ Hw\ T he w ear track depth
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Table 5.15 also compares the average roughness and hardness values with the wear 
coefficient. The comparison of the three values shows that the increase of roughness 
and/or hardness is accompanied by the decrease of the wear coefficient. For example, 
the sample 7q, which has the highest hardness (see Table 5.15), has the lower wear 
coefficient (see Table 5.15).
In Figure 5.37, data for the wear coefficients that is given in Table 5.15 has been 
plotted against the Cr content of each sample. As the wear coefficient varies from 0.2 
to 8 it is necessary to separate the data in order to show the effects of heat treatment, 
volume fraction and size of the reinforcing particles on the wear behaviour of the 
MMCs.
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as cast, WCI matrix (1b, 5b)
Figure 5.37 -  Wear coefficient versus Cr content. In the insert data are given above 
the heat treatment, the weight of the reinforcements and the diameter of the 
reinforcing particles of the sample. WCI refer to the white cast iron matrix without 
carbide reinforcements.
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Figure 5.38 -  Wear coefficient versus Cr content for the MMCs with WC 
reinforcement of weight 190 g and particle diameter 1 -3 mm
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Figure 5.39 -  Wear coefficient versus Cr content for the MMCs with WC 
reinforcement of weight 280 g and particle diameter 1 -3 mm
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Figure 5.40 -  Wear coefficient versus Cr content for the MMCs with WC 
reinforcement of weight 190 g and particle diameter 3-5 mm
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Figure 5.41 -  Wear coefficient versus Cr content for the MMCs with WC 
reinforcement of weight 280 g and particle diameter 3-5 mm
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Figure 5.42 -  Wear coefficient versus Cr content for the 15 and 20 wt. % Cr WCIs
Comparison of the wear coefficient of the as-cast and quenched samples shows that in 
almost all the cases the quenched samples had lower wear coefficient. It is concluded 
that in the case of the MMC samples the coarsening of the secondary carbides in the 
RZ 3 (Fig. 5.28) was responsible for the increase of the wear resistance of the 
materials while for the WCI matrixes the same coarsening caused the formation of 
martensite (Fig. 5.10) which shows higher wear resistance than the as-cast WCI 
matrix (Fig. 5.6).
The data would suggest that the 7q sample had the lowest wear coefficient (0.24) 
while very close to this value was the sample 5 (0.29). The samples 7q and 5 were
T
14 16 18 20 22
Cr content (wt.%)
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reinforced with particles of the same size and had similar number of reinforcing 
carbide particles on their working surface. However, sample 7q is as-quenched and 
has 60 % volume fraction of reinforcements while sample 5 is as-cast and has 40 % 
volume fraction of reinforcements. The wear coefficient values are about 5 to 4 times 
different in magnitude from that of the quenched 20 % Cr-Mo-LC WCI without 
reinforcements (1.24). This significant difference in the wear behaviour can be linked 
to the different microstructure of the two materials and more specifically to the 
different type and content of carbide phases that the two materials posses. The WC 
reinforcements change the solidification of the WCI matrix by forming a 
hypereutectic reaction region where the carbide phases exceed in content and size the 
eutectic carbides of the WCI matrix (see Fig. 5.7 and 5.27) creating the difference in 
wear behaviour that we record above. In order to understand better the variation of the 
wear coefficient of different specimens, macrographs of the working surface were 
taken using a digital camera (SONY microMV cam DCR-IP1) as well as micrographs 
of the microstructure of the wear groove using a light microscope (ZEISS Axiophot 
optical microscope).
The macrographs showed the working surface of the sample where the wear track was 
found. The main information from these images was the concentration of the 
reinforcing particles in the working surface. The samples had different concentration 
of reinforcements in their working surface, as shown in the Table 5.15. According to 
the wear data, the samples with more carbides present in their surface exhibited higher 
wear resistance. This can be explained by observing the wear surface. At first sight, 
one can see that the regions that experienced less wear damage than the rest of the 
track (Fig. 5.43) were those where carbides were located on the wear track. Therefore, 
it is necessary to compare samples with similar concentration of carbide 
reinforcements in their working surface.
The samples 5 and 7q with wear coefficient values of 0.29 and 0.24 respectively had 
similar concentration of reinforcements. In this case, due to the similar wear 
behaviour of these samples, the quenching treatment could be considered 
unnecessary. Similarly, the samples 3q and 6q with wear coefficient values of 0.88 
and 0.89 respectively, show that even for different Cr content in the WCI matrix the 
wear behaviour of the sample can be identical.
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Wear Track 
WC particle
Figure 5.43 -  Sample 4q: Different degrees of wear due to different reinforcement 
concentration on the sample’s working surface
At this point, it must be mentioned that the volume fraction of carbide reinforcements 
(40 and 60 %) or the weight of the reinforcements in the sample (190 and 280 g), 
appear to have a small influence on the concentration of these particles on the 
working surface of the sample (i.e. in 2D).
The wear behaviour of these samples the wear tracks of these samples were also 
studied at higher magnification. The micrographs showed the characteristic 
microstructure of the MMC region including the un-dissolved WC particles and the 
reaction zones RZ 1, RZ 2 and RZ 3. The Figures 5.44 to 5.46 show typical wear track 
areas. Figure 5.44 represents the distinct structures of the primary angular W carbides 
of RZ 2 while Figure 5.45 shows a more detailed microstructure of RZ 2 and RZ 3 
where, apart of the primary W phases of RZ 2, we see the presence of the primary 
needle-like Cr carbides with the eutectic carbides formed around them.
The Figure 5.46a shows the wear groove that passes through RZ 2 and RZ 3 before it 
enters the region of an un-dissolved WC particle. The deep and clear wear marks that 
the alumina sphere left on the reaction region disappear at the un-dissolved particle 
(Fig. 5.46b). The reason is the difference in the carbide concentration as well as the 
nature of the carbide phases that appear in those areas.
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Primary
W
carbides
Figure 5.44 -  Sample 1: Primary W carbides of reaction zones 2 appear in the wear 
track area
Primary 
needle-like 
Cr 
carbides 
(RZ 3)
Primary 
W 
Carbides 
(RZ 2)
Eutectic 
carbides 
(RZ 3)
Figure 5.45 -  Sample lq: Primary and eutectic carbide phases of reaction zones RZ 2 
and RZ 3 appear in the wear track area. The red thick arrows indicate the area of the 
wear track.
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Casting
defect
(a)
(b)
Figure 5.46 -  Wear track in Sample 3q: (a) The wear track passing through an un- 
dissolved WC particle and (b) different extent of wear between reaction region and 
un-dissolved WC particle. The red box in (a) indicates the area shown in (b).
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In all of our wear tests we did not observe any “pull-out” from the body of the WC 
particle reinforcements. The WC particles formed a surface upon which the wear took 
place while the ferritic matrix around them acted as the soft substrate to avoid the 
stress concentration and crack propagation which would result to catastrophic failure.
5.3 .2  C a se  S tu d y : P u lv e r is e r  B a n k  P la te s  o f  A sh  M ill
For the component manufactured as described in section 3.6, the results were most 
impressive for the segments that were reinforced with WC particles in their surface. 
The life-time of the standard segments used by the industry is between 4 to 5 months, 
and it is because of this that the standard plates are inspected and replaced every 4 
months. The bank that was manufactured using the technique and material of this 
study showed “zero” wear after 4 months and 5 days of work. The original thickness 
of 9 cm had changed by 2 mm corresponding to an average weight loss of 1.3 kg per 
segment while a segment made of the standard WCI material without WC 
reinforcements had been reduced to 5 cm thickness, which corresponds to an average 
weight loss of 47 kg per segment [Saroulcos and Stavrinos, 2005]. Figure 5.47 shows 
randomly selected segments from two mills (one of unreinforced 20 % Cr-Mo-LC 
WCI and the other of the new PRMMC of this study). In Figure 5.47a the wear 
marks/grooves on the standard plate can be seen clearly, however such wear marks 
are not seen on the component made using the new material.
In Figures 5.47a, b and c one can compare the difference in thickness of segments 
made of the standard high Cr WCI material and the PRMMC material of this study. 
Both segments were used for the same period (4 % month).
The reason for the wear marks shown in Figures 5.47a and b is the vibration of the 
wheel on the bank during bad operation of the mill (non constant feeding). Such 
vibration can cause failure to the segment which means that the whole bank is out of 
use. Therefore, the fracture toughness of the segment is more than or as important as 
the wear resistance of the segment. Thus, a steel substrate can be used as the best 
guarantee to solve such problem.
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(a)
•••• Wear marks
9 cm
Figure 5.47 -  Segments after usage (a) segm ent o f  high Cr WCI standard material, (b)
higher m agnification o f  (a) shows the w ear m arks on the surface o f  the com ponent
and (c) the segment m ade o f  the new  PRM M C shows no marks o f  wear
Dual casting 
mark ..........
(C)
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In the segm ent that w as made from the new  material, the W C particles w ere standing 
out o f  the working surface creating a level that in com bination w ith the w h eel’s 
m ovem ent traps the abrasive material and efficiently pulverises it, w hile the 
hypereutectic matrix acts as “soft” substrate absorbing the stress that the wheel 
applies to the segment.
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6.1 Conclusions
A  double casting technique has been developed, which directs the W C particle 
reinforcem ents to a specific location inside the m ould’s cavity and distributes them  
uniform ly during solidification o f  a high Cr content WCI melt.
The continuity and the w ell defined interface betw een the reinforced region and the 
matrix indicate the chem ical bond betw een WCI and the MMC.
The solidification o f  the m elt starts around the W C particles after they have settled in  
the near surface region o f  the casting.
A  reaction region, consisting o f  three zones, develops around each W C particle. The 
size o f  this region as w ell as its microstructure depend on the size o f  WC particle, for 
a given  superheat o f  the melt.
In the reaction region, the originally hypoeutectic matrix becom es hypereutectic 
ow ing to the diffusion o f  carbon from the W C particles. The two reaction zones next 
to the W C particle are rich in W  and the third zone is rich in Cr carbides that were 
formed in a hypereutectic matrix.
The W  rich carbide phases that were formed around the perimeter o f  the WC particles 
fo llow ed  the geom etry o f  the latter. M oving away from the W C particle right after 
passing the reaction zones 1 and 2, the eutectic (W  rich) carbides w ere formed along  
with the primary Cr rich carbides o f  the hypereutectic matrix o f  the com posite. The 
latter carbides had large elongated needle-like or hexagonal m orphology. The large 
sizes o f  the carbides formed in the reaction region around WC particles, w hich vary
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from 50 up to 500 pm, have been attributed to the increased concentration in W  and C 
in this region.
A vailable m odels for the interaction betw een a reinforcing particle and an 
approaching S/L interface cannot explain the behaviour o f  WC particles in white cast 
iron m elt since they account only for the dynam ics o f  the particle-interface system  and 
ignore the chem ical reaction that occurs betw een W C and the ferrous melt.
M odelling o f  the drawer casting technique show s that the velocity  o f  the sedim ent 
particle is highly affected by. the viscosity  o f  the m elt w hich increases with the 
increase o f  the volum e fraction o f  sedim ent particles in the melt. H owever, even after 
accounting for this change in v iscosity  the particles reach the bottom o f  the m ould in a 
matter o f  seconds after the m elting o f  the drawers.
The actual flo w  velocity  used in  the drawer casting technique is higher than the 
theoretical one required for sedim ent bed m otion and therefore bed m otion w ill 
happen, w hich  gives tw o options to the engineer both o f  which have com mercial 
im plications. Option 1 w ould be to m odify feeding and gating to bring dow n the flow  
velocity  o f  the m elt to a lo w  value as suggested by the calculation. The im plication o f  
this how ever w ould  be extrem ely poor quality o f  the WCI casting as at very lo w  flow  
velocities premature freezing o f  m elt w ould  lead to poor filling o f  the m ould. Option 2 
is to m odify the casting design and it is in  this respect that the drawer casting 
m ethod/design allow s for the settlem ent o f  W C particles rather than locating them at 
the bottom  o f  the mould.
The sim ulation o f  solidification path using Thermo-Calc indicates that for the M M C  
an increase in C, W  and/or Cr content increases the Tl o f  the melt. On the other hand, 
in the WCI alloy, the increase in C and/or Cr content lead to a decrease o f  the Tl o f  
the alloy.
The sim ulation o f  solidification path gave the sequence o f  formation o f  phases in the 
WCI and M M C materials. In the unreinforced high Cr WCI matrix, the solidification  
o f  austenite is fo llow ed  by the formation o f  the carbide phases the type o f  which  
depends on the Cr and C content o f  the alloy. The increase in Cr content in the WCI
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matrix from 14 to 25 wt. %, for fixed  C content (at 2, 2.5 or 3 wt. %), causes the 
fo llow ing order o f  stabilization o f  the phases:
Cementite —► M 7C3 —» FCC (stable)
O nly for Cr up to 30 wt. % and C up to 2.5 wt. %  the cem entite is replaced by the 
BCC phase. The increase in C content from 2 to 3 wt. % for fixed  Cr content (at 14, 
20 or 25 wt. %) has the sam e effect.
In the M M C, the solidification becom es more com plicated due to the diffusion o f  C 
and W  in the WCI matrix. The increase in W  content from 15 to 25 wt. % causes the 
stabilization o f  M bC. The C in the alloy increases from 2.5 to 6 wt. %. Initially, this 
increase in C stabilizes the M 7C3 phase w hile for higher values (>  4 wt. %) the MC  
phase is favoured. The increase in Cr leads in the formation o f  the M 23C6 w hile  
simultaneous increase in Cr and C prom otes the M 7C3 phase and restrains the 
formation o f  the M bC that resulted from the increase o f  W . Finally the simultaneous 
increase o f  C, W  and Cr stabilize the M C phase for >  4 wt. % C.
The tribological tests indicated that the quenched sam ples had low er wear coefficient 
for both WCI com positions that have been used in this study. The wear coefficient 
values are related to the hardness and roughness. The wear coefficient is 
proportional to the hardness and roughness
The wear tests show  no sign o f  “pull-out” from  the body o f  the WC particle 
reinforcements. The W C particles formed a surface upon w hich the wear took place 
w hile the ferritic matrix around them acted as the soft substrate to avoid the stress 
concentration and crack propagation w hich  w ould  result to catastrophic failure. The 
macrographs show  that the more the W C reinforcing particles in the working surface 
the higher the wear resistance o f  the sample.
The macrographs o f  the wear specim ens indicate that sam ples w ith similar 
concentration o f  reinforcem ents in their working surface should be compared. Such  
sam ples are the sam ples 5 and 7q for w hich  the wear coefficients are 0 .29 and 0.24  
respectively as w ell as the sam ples 3q and 6q w ith wear coefficients 0 .88 and 0.89
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respectively. The first group o f  sam ples is reinforced with particles o f  the same size  
but sample 7q is as-quenched and has 60 %  volum e fraction o f  reinforcem ents w hile  
sample 5 is as-cast and has 40 % volum e fraction o f  reinforcements. In the second  
group the sam ples are both quenched and have the same size and volum e fraction o f  
reinforcements. H owever, the W CI matrixes o f  the sam ples 3q and 6q were o f  
different chem ical com positions, 15 and 20 % Cr-Mo-LC respectively. It is concluded  
that for sam ples w ith similar concentration o f  reinforcem ents in their working surface 
the heat treatment could be avoided as the materials have the sam e wear behaviour. 
Sim ilarly, the Cr content in the W CI matrix can be kept in the lo w  side o f  the range 
studied in this work (in this case 14 % by w eight) and the wear behaviour w ill be the 
sam e as for a 20 % Cr W CI matrix.
The industrial application proved the superiority o f  this MM C material in practice. An  
im pressive improvem ent in the wear performance o f  the segm ents w as achieved  
compared to the standard material in use (20 % Cr-M o-LC) over the sam e period o f  
time.
6.2 Suggestions for Future W o r k
The new  material should be tested in a laboratory scale in different types o f  wear (e.g. 
erosion) and for different wear conditions (e.g. higher temperature, load etc). The new  
material should also be tested in new  wear conditions in an industrial scale whenever 
the working conditions a llow  it.
M odelling o f  the reaction region in the M M Cs during casting could be undertaken.
Transm ission electron m icroscopy (TEM ) w ould  be necessary in order to specify the 
identity o f  the phases in the reaction zones o f  the M M C, either when the phases are 
too small (<  5 pm) to be analyzed by the EPM A (secondary carbides, carbides o f  RZ 
1 etc) or w hen the chem ical analysis can not give a precise value for the carbon 
content o f  the phase (e.g. primary W -rich phase in RZ 2 etc).
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The m echanical behaviour o f  the M M C should be studied in order to understand the 
role o f  each phase under wear conditions.
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A p p e n d i c e s
Appendix Al — X R D  and J C P D S  Data
Table A 1.1 -  White cast iron 15 % Cr-Mo-LC
No. Angle (20) D-space Rei. I Phase/s
I 29.4 3.035 17 Fe2MoC, specimen holder
2 39.4 2.285 11 Cr7C3, (Cr2 sFe4 3Moo i)C3, Mo2C, Fe5C2, Fe2MoC
3 44.402 2.039 100 Fe3C, Cr7C3, (Cr, Fe)7C3, Cr23C6, Fe3C2
4 50.4 1.809 10 Fe7C3, C r7C3, (Cr, Fe)7C3, (Cr2 5Fe4 3Moo i)C3
5 52.3 1.748 6 Cr7C3, (Cr, Fe)7C3, (Cr2sFe43Moo i)C3, Mo2C
6 57.3 1.607 4 Fe3C, Fe2MoC, Cr23C6
7 64.6 1.442 9 Cr7C3, Fe3C
8 74.5 1.273 4 Cr7C3, Mo2C, Fe2MoC
9 81.9 1.175 16 a-Fe, Fe7C3, Cr7C3, (Cr. Fe)7C3, Fe2MoC, Cr23C6, Fe2C, Fe5C2
Table A l .2 -  White cast iron 15 %  Cr-Mo-LC reinforced with WC particles (3-5 mm)
No. Angle (20) D-space Rei. I Phase/s
1 29.414 3.034 48 Fe2MoC, specimen holder
2 31.521 2.836 31 WC
3 35.631 2.518 81 WC
4 37.9 2.372 14 Fe2C, Cr23C6, Mo2C, Cr23Fe2l(W, Mo)2C12,
5 39.661 2.271 29 Fe7C3, FeW3C
6 39.9 2.258 29 Fe7C3, Fe3W3C-Fe4W2C
7 42.443 2.128 51 Fe7C3, Fe2C, Cr7C3, (Cr25Fe43lVlooi)C3, Co3W3C
8 43.2 2.092 28 Fe3C
9 44.466 2.036 100 Fe5C2, Cr7C3, (Cr, Fe)7C3, (Cr2 5Fe4 3Mo0j)C3, Fe3C
10 46.4 1.955 13 Co3W3C, Co3W9C4, Fe3W3C-Fe4W2C
11 47.6 1.909 18 Fe5C2
12 48.317 1.882 49 Fe3C, Cr23C6, WC
13 52.2 1.751 12 Cr7C3, Mo2C, Co3W3C
14 57.4 1.604 9 Fe3C, Fe2MoC, Cr23Fe21(W, Mo)2C12
15 64.527 1.443 16 Cr7C3, Co3W3C
16 65.6 1.422 10 Fe2C, WC, Fe6W6C, FeW3C
17 72.989 1.295 17 Fe3C, Cr7C3, Cr23C6, Fe2MoC, WC, Fe6W6C
18 75.4 1.26 11 Fe3C, Cr7C3, Mo2C, WC, Co3W9C4, Fe6W6C
19 77.1 1.236 13 Fe3C, Fe2C, Cr23Cg, Co3W9C4
20 82.07 1.173 24 a-Fe, Fe7C3, Fe2C, FesC2, Cr7C3, Cr^C^ (Cr, Fe)7C3, FeiMoC
21 83.9 1.152 13 Fe3C, Fe7C3, Fe2C, WC, Co3W9C4, FeW3C
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Table A 1.3 -  XR D data for the 20 % Cr-Mo-LC White cast iron
No. Angle (20) D-space Rel. I Phase/s
1 29.394 3.036 73 Fe2MoC, specimen holder
2 36 2.493 16 Fe2MoC
3 37.6 2.39 11 Fe3C, Fe5C2
4 39.325 2.289 39 Cr7C3, Fe2MoC, (Cr25Fe43Mo0 j)C3, Mo2C
5 42.489 2.126 31 Cr7C3, (Cr, Fe)7C3, Fe7C3, Fe2C, (Cr2 5Fe43Moo i)C3
6 43.2 2.092 18 Fe3C
7 44.248 2.045 100 Fe2MoC, Cr7C3, Cr23C6, (Cr. Fe)7C3
8 46.151 1.965 12 Cr7C3
9 47.52 1.912 21 Fe2MoC, Fe5C2
10 48.512 1.875 22 Cr23C6, Fe3C
11 50.1 1.819 15 Fe2MoC, Cr7C3, Fe7C3, (Cr, Fe)7C3
12 52.3 1.748 12 Cr7C3, (Cr, Fe)7C3, (Cr25Fe43Moo i)C3, Mo2C
13 56.6 1.625 8 Cr7C3, Cr23C6, Fe3C2
14 57.4 1.604 10 Fe3C, Cr23C6
15 59.8 1.545 6 Fe3C
16 60.7 1.524 8 Fe3C
17 61.3 1.511 6 Cr7C3, Fe3C
18 64.7 1.44 11 Cr7C3, Fe3C
19 65.7 1.42 6 Fe2C, Fe7C3
20 69.6 1.35 9 Cr7C3, Mo2C, Fe3C, Fe7C3, (Cr, Fe)7C3, (Cr2 3l'e4 3Moo i)C3
21 79.2 1.208 10 Cr7C3, Mo2C, Fe3C, Fe7C3, (Cr, Fe)7C3, Fe2C, Fe7C3
22 81.3 1.182 13 Cr7C3, Cr2C, Mo2C
23 82.1 1.173 18 a-Fe, Cr7C3, Fe5C2, Fe2C, Fe7C3, (Cr, Fe)7C3, Cr23C6
24 90.5 1.085 5 Fe5C2
25 92.5 1.066 6 -
26 95 1.045 5 -
27 97.9 1.021 6 -
28 98.7 1.015 7 a-Fe
29 99.2 1.011 6 a-Fe
30 116.057 0.908 17 a-Fe
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Table A l .4 -  White cast iron 20 % Cr-Mo-LC reinforced with WC particles (3-5 mm)
No. Angle (20) D-space Rei. I Phase/s
1 20.212 4.39 32 Specimen holder
2 29.375 3.038 32 Fe2MoC, specimen holder
3 31.192 2.865 37 Fe2MoC
4 35.32 2.539 100 Fe3C, Co3W3C, Fe3W3C-Fe4W2C
5 39.44 2.283 21 Mo2C, (Cr25Fe4 3Mo0 i)C3, Cr7C3, FesC2
6 42.135 2.143 24 Cr7C3, Co3W9C4, FeW3C
7 44.182 2.048 25 Cr7C3, (Cr, Fe)7C3, Cr23Fe21(W, Mo)2C12, Cr23C6
8 46.1 1.967 12 Cr7C3, FeW,C
9 47.983 1.894 86 Fe7C3, (Cr2 5Fe4 3Mo0 |)C3, FeW3C
10 52.1 1.754 6 Cr7C3, Mo2C, Co3W3C
11 57.4 1.604 7 Fe3C, Cr23Fe21(W, Mo)2C [2
12 63.724 1.459 22 Co3W9C4, WC, FeW3C
13 65.5 1.424 10 Fe2C, WC, FeW3C, Fe6W6C
14 72.783 1.298 30 Fe3C, Cr7C3, WC, Co3W3C, Cr23C6
15 75.199 1.262 17 Mo2C, Cr7C3, Co3W9C4, Fe6W6C
16 76.812 1.24 23 Cr7C3, Fe3C, Fe2C, FeW3C, Cr23C^
17 83.784 1.154 23 Fe3C, Fe7C3, Fe2C, WC, FeW3C
18 87.5 1.114 6
Fe3C, Fe7C3, Co3W9C4, Co3W3C, FeW3C, Fe6W6C, 
Fe3W3C-Fe4W2C
19 91.9 1.072 5 Fe2C, Mo2C, Co3W3C, Fe6W6C, Fe3W3C-Fe4W2C
20 98.465 1.017 17 a-Fe, Co3W3C, WC, Fe3W3C-Fe4W2C
21 107.9 0.953 16 Cr23Fe21(W, Mo)jC,2, Co3W3C, WC
22 109.547 0.943 16 Cr23Fe21(W, Mo)2C12, Co3W3C, WC
23 117.078 0.903 27 a-Fe, Mo2C, Co3W3C, WC
Table A l .5 -  White cast iron 25% Cr
No. Angle (20) D-space Rei. I Phase/s
1 29.369 3.039 16 Fe2MoC, specimen holder
2 39.393 2.285 14 FesC2, Cr7C3, (Cr2 5Fe4 3Mo0 i)C3, Mo2C, Fe2MoC
3 44.542 2.032 100 Fe3C, Fe5C2, (Cr2 sFe43Moo i)C3, Cr7C3, (Cr, Fe)7C3, Cr23C6
4 64.8 1.438 9 a-Fe, Fe3C, Cr7C3, (Cr2 5Fe4 3Mo0 ,)C3
5 82.118 1.173 16 a-Fe, Fe5C2, Cr7C3, Fe7C3, (Cr, Fe)7C3, Fe2MoC, Cr23C6
6 98.6 1.016 6 a-Fe
7 115.7 0.91 5 a-Fe, Mo2C
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Table A 1.6 -  White cast iron 25 % Cr reinforced with WC particles (3-5 mm)
No. Angle (20) D-space Rel. I Phase/s
1 29.375 3.038 23 Fe2MoC, specimen holder
2 31.5 2.838 13 WC
3 32.3 2.769 12 Fe2MoC, C03W3C
4 35.592 2.52 30 WC
5 39.37 2.287 18 Fe5C2, CT7C3, (Cr2 5Fe4 3M00.OC3, Mo2C, Fe2MoC, WC
6 42.45 2.128 36
Fe2C, Cr7C3, (Cr2 5Fe4 3Moo ,)C3, Co,W3C, Fe3W3C-Fe4W2C, Fe7C3, 
(Cr, Fe)7C3
7 44.495 2.035 100 FesC2, (Cr2 5Fe4 3M00 i)C3, Fe3C, Cr23C6, (Cr, Fe)7C3
8 46.4 1.955 12 FesC2, C03W3C, Fe3W3C-Fe4W2C, Co3W9C4
9 48.274 1.884 17 Fe2MoC, WC, Fe3C, Cr23C6
10 64.7 1.44 12 Cr7C3, C03W3C, Fe3C
11 72.458 1.303 30 Fe2C, Mo2C, WC, C03W3C, FeW3C, Fe3W,C-Fe4W2C
12 74.2 1.277 9 Fe5C2, Cr7C3, Co3W3C, FeW3C, Fe3W3C-Fe4W2C
13 82.063 1.173 18 a-Fe, Fe2C, Cr7C3, Fe7C3, Fe5C2, Cr2,C6, (Cr, Fe)7C3
14 90.6 1.084 5 Fe2C, C03W3C, Fe3W3C-Fe4W2C, Fe5C2
15 98.6 1.016 6 a-Fe, Co,W3C, Fe3W3C-Fe4W2C
The phases that correspond to the data shown in Tables A l . l  to A 1.6 were identified  
using the JCPDS data in Table A l .7.
Table A 1.7 -  Phases and their file number in the JCPDS data
Phases File No.
a-Fe 6-696
Fe3C 6-670, 36-1249,35-772
Fe7C3 17-333
Fe2C 26-782, 17-897
Fe5C2 20-508. 20-509
Cr7C3 11-550
Cr23C6 14-407
(Cr,Fe)7C3 5-720
(Cr2 5Fe4 3Mo0 i)C3 22-211
Mo2C 15-457, 11-680
Fe2MoC 17-911
WC 20-1314, 25-1047
C03W3C 27-1125
Co3W9C4 6-616
Cr23Fe2i(W, Mo)2C ,2 5-721
Fe6W6C 23-1127
FeWjC 23-1128
Fe3W3C-Fe4W2C 3-980
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Appendix A2 — Thermo-Calc Plots
The plots o f  liquidus temperature versus molar fraction o f  solid for different alloy  
com positions are listed in the follow ing tables in this appendix.
Table A2.1 -  Plots o f  Tl versus molar fraction o f  solid for different C and Cr 
concentration in the WCI matrix
C (wt %) Cr (wt %) Tl (°C) Page no.
2 14 1374 153
2.5 14 1343 153
3 14 1309 154
2 20 1361 154
2.5 20 1335 155
3 20 1305 155
2.5 25 1323 156
2.5 30 1306 156
Table A 2.2  -  Plots o f  Tl versus molar fraction o f  solid for different C, Cr and W
concentrations in the MM C
C (wt %) Cr (wt %) W (wt %) Co (wt %) Tl (°C) Page no.
2.5 14 15 5 1247 157
2.5 14 20 5 1267 157
2.5 14 25 5 1325 158
3 14 15 5 1217 158
3 14 20 5 1262 159
3 14 25 5 1319 159
3.5 14 15 5 1252 160
3.5 14 20 5 1297 160
3.5 14 25 5 1360 161
4 14 15 5 1281 161
4 14 20 5 1354 162
4 14 25 5 1423 163
6 14 15 5 1471 164
6 14 20 5 1561 164
6 14 25 5 1644 165
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Table A 2.2  -  (continued)
2.5 20 15 5 1235 165
2.5 20 20 5 1274 166
2.5 20 25 5 1333 166
3 20 15 5 1271 167
3 20 20 5 1291 167
3 20 25 5 1334 168
3.5 20 15 5 1305 168
3.5 20 20 5 1328 169
3.5 20 25 5 1355 169
4 20 15 5 1333 170
4 20 20 5 1359 170
4 20 25 5 1390 171
6 20 15 5 1459 171
6 20 20 5 1550 172
6 20 25 5 1636 172
2.5 27 15 5 1282 173
2.5 27 20 5 1300 173
2.5 27 25 5 1332 174
3 27 15 5 1313 174
3 27 20 5 1335 175
3 27 25 5 1382 176
3.5 27 15 5 1348 176
3.5 27 20 5 1373 177
3.5 27 25 5 1403 177
4 27 15 5 1378 178
4 27 20 5 1406 178
4 27 25 5 1438 179
6 27 15 5 1454 179
6 27 20 5 1542 180
6 27 25 5 1632 180
152
APPENDICES KYR1AKOS KAM BAK AS
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 0 4 )  :
1: LIQUID2: LIQUID FCC 013s LIQUID FCC_R1 M7C34: LIQUID CEMENTITE FCC Al M7C35: LIQUID CEMENTITE FCC.AL
Figure A2.1 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 2 %, Cr =  14 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 1 7 )
1: LIQUID2: LIQUID FCC 013s LIQUID FCC_01 M7C34: LIQUID CEMENTITE FCC Al M7C35s LIQUID CEMENTITE FCC_A1
Figure A2.2 -  Temperature versus mole fraction of solid
composition (wt. %): C = 2.5 %, Cr = 14 %, Fe = balance
for alloy chemical
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 2 1 )
L: LIQUID2: LIQUID3: LIQUID4: LIQUID5: LIQUID
Figure A2.3 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 3 %, Cr =  14 %, Fe =  balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 2 3 )  :
Figure A2.4 -  Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 2 %, Cr = 20 %, Fe = balance
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THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 2 9 )
1: LIQUID2: LIQUID FCC Al3: LIQUID FCCAl M7C3
Figure A2.5 -  Temperature versus m ole fraction o f  solid -  for alloy chem ical 
com position (wt. %): C = 2.5 %, Cr =  20 %, Fe = balance
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 3 0 )  :
1180
0 . 2  0 . 4  0 . 6  0 . 8
Mole  F r a c t i o n  o f  S o l i d
Figure A2.6 -  Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 3 %, Cr = 20 %, Fe = balance
Is LIQUID2: LIQUID FCC Al3s LIQUID FCC_Al M7C34: LIQUID CEMENTITE FCC Pit M7C35s LIQUID CEMENTITE FCC_R1
1320
1300
1280
1260
1240LID
CL 1220EID
H 1200
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 3 9 )
Figure A 2.7 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 2.5 %, Cr = 25 %, Fe = balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 3 : 1 5 . 4 4 )
Is LIQUID2: LIQUID FCC Al3s LIQUID FCC_A1 M7C34: LIQUID BCC A2 FCC Al M7C3
Figure A2.8 -  Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 2.5 %, Cr = 30 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 1 6 )
Lt LIQUID2: LIQUID FCC 013: LIQUID FCC_01 M6C4: LIQUID FCC 01 M6C H7C35: LIQUID FCC.fi1 M6C M7C3 MC_SHP6: LIQUID FCC 01 M7C3 MC SHP
Figure A 2.9 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 2.5 %, Cr = 14 %, W = 15 %, Co =  5 %, Fe = balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 2 1 )
Is LIQUID2: LIQUID M6C3s LIQUID FCC_01 M6C4: LIQUID FCC 01 M6C M7C35s LIQUID FCC.fll M6C M7C3 MC.5HP6s LIQUID FCC 01 M7C3 MC SHP
Figure A2.10 — Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 2.5 %, Cr = 14 %, W = 20 %, Co = 5 %, Fe = balance
157
APPENDICES KYRIAKOS KAM BAK AS
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 2 5 )  :
L: LIQUID2: LIQUID M6C3s LIQUID FCC_Al M6C4: LIQUID FCC Al MSC M7C35s LIQUID FCC_Al M6C M7C3 MC.6s LIQUID FCC Al M7C3 MC SHP
Figure A 2 . l l  -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 2.5 %, Cr =  14 %, W = 25 %, Co = 5 %, Fe = balance
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 3 0 )  :
1220
1200-
U
% 1180H I?L
i  H60HL 01 
CL
I  1140 - \
1120-
1100
Is LIQUID2: LIQUID M7C33: LIQUID FCC.Al M7C34: LIQUID FCC Al M6C M7C35: LIQUID FCC_A1 M6C M7C3 MC_SHP6: LIQUID FCC Al M7C3 MC_SHP
7: LIQUID CEMENTITE FCC_A1 M7C3 MC_SHP8: LIQUID CEMENTITE FCC PL MC SHP
0 . 2  0 . 4  0 . 6  0 . 8  1 . 0
Mole  F r a c t i o n  o f  S o l i d
Figure A2.12 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3 %, Cr = 14 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 3 4 )
Is LIQUID2: LIQUID M6C3s LIQUID M6C M7C34: LIQUID FCC Al M6C M7C35s LIQUID FCC.Al M6C M7C3 MC_SHP6s LIQUID FCC Al M7C3 MC SHP7: LIQUID CEMENTITE FCCjfr M7C3 MC.SHP8s LIQUID CEMENTITE FCC 01 MC SHP
Figure A 2.13 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 3 %, Cr =  14 %, W =  20 %, Co = 5 %, Fe =  balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 4 0 )  
1320 -13-
0 . 2  0 . 4  0 . 6  0 . 8
Mole  F r a c t i o n  o f  S o l i d
Is LIQUID2: LIQUID M6C3s LIQUID M6C M7C34: LIQUID FCC Al M6C M7C35s LIQUID FCC_A1 M6C M7C3 MC_5HP6s LIQUID FCC Al M7C3 MC_SHP7; LIQUID CEMENTITE FCC.Sl M7C3 MC.SHP8s LIQUID CEMENTITE FCC 01 MC SHP
1.0
Figure A2.14 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3 %, Cr = 14 %, W  = 25 %, Co = 5 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 4 5 )
_ 6: LIQUID CEMENTITE FCC PI MC SHP
Figure A 2.15 -  Temperature versus m ole fraction o f  solid -  for alloy chem ical 
com position (wt. %): C = 3.5 %, Cr =  14 %, W  = 15 %, Co = 5 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 4 8 )
Is LIQUID2: LIQUID35 LIQUID4: LIQUID5s LIQUID6s LIQUID7; LIQUID8s LIQUID9: LIQUID10s LIQUID
0 . 2  0 . 4  0 . 6  0 . 8
Mole  F r a c t i o n  o f  S o l i d
1.0
Figure A2.16 -  Temperature versus mole fraction of solid — for alloy chemical
composition (wt. %): C = 3.5 %, Cr = 14 %, W = 20 %, Co = 5 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 5 1 )
L: LIQUID2: LIQUID3s LIQUID4: LIQUID5s LIQUIDSs LIQUID7: LIQUID8s LIQUID9: LIQUID10s LIQUID
Figure A 2.17 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  3.5 %, Cr =  14 %, W = 25 %, Co = 5 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 5 3 )  :
Ls LIQUID2: LIQUID3s LIQUID4: LIQUID5s LIQUID8s LIQUID
Figure A2.18 -  Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 4 %, Cr = 14 %, W = 15 %, Co = 5 %, Fe = balance
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 5 5 )
Figure A 2.19 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 4 %, Cr =  14 %, W = 20 %, Co = 5 %, Fe =  balance
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THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 4 . 5 8 )  :
Is LIQUID 2: LIQUID MC SHP 3s LIQUID M7C3 MC_5HP 4: LIQUID M6C M7C3 MC SHP 5s LIQUID M6C M7C3 6s LIQUID M23C6 M6C M7C3 7: LIQUID M23C6 M6C 8s LIQUID BCC 02 M23C6 M6C9: LIQUID BCC-R2 M23C6 M6C MC_SHP10s LIQUID BCC_R2 MZ3C6 MC_5HP11: LIQUID BCC 02 M23C6 M7C3 MC SHP12s LIQUID BCCIA2 M7C3 MC_SHP 13s LIQUID BCC 02 CEMENTITE MC SHP
(a)
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 5 0 )  :
LIQUID M7C3 MC SHP LIQUIO MSC M7C3 MC SHP LIQUID M6C M7C3 LIQUID M23C6 MSC M7C3 LIQUID M23C6 M6C LIQUID BCC 02 M23C6 M6C LIQUID BCCIA2 M23C6 M6C MC.SHP LIQUID BCC 02 M23C6 MC SHP LIQUID BCC-02 M23C6 M7C3 MC_SHP LIQUID BCC.02 M7C3 MC_SHP
(b)
Figure A 2.20 — Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 4 %, Cr =  14 %, W = 25 %, Co = 5 %, Fe = balance. The 
area that is surrounded by a red circle on diagram (a) shown in higher magnification  
on diagram (b).
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 0 1 )
l: LIQUID2: LIQUID MC_SHP3: LIQUID M7C3 MC_5HP4: LIQUID CEMENTITE M7C3 MC SHP5: LIQUID CEMENTITE MC_5HP6s LIQUID CEMENTITE FCC fit MC SHP
Figure A2.21 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  6 %, Cr =  14 %, W = 15 %, Co = 5 %, Fe = balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 0 4 )  :
Is LIQUID2: LIQUID MC_SHP3s LIQUID M7C3 MC_SHP4: LIQUID CEMENTITE M7C3 MC SHP5s LIQUID CEMENTITE MC_SHP6s LIQUID CEMENTITE FCC_fiL MC_SHP
Figure A2.22 -  Temperature versus mole fraction of solid -  for alloy chemical
composition (wt. %): C = 6 %, Cr = 14 %, W = 20 %, Co = 5 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 0 8 )
Ls LIQUID2: LIQUID MC_SHP3s LIQUID M7C3 MC_SHP4: LIQUID CEMENTITE M7C3 MC SHP5s LIQUID CEMENTITE MC_5HP6s LIQUID CEMENTITE FCC RL MC SHP
Figure A 2.23 -  Temperature versus m ole fraction o f  solid — for alloy chemical 
com position (wt. %): C =  6 %, Cr =  14 %, W =  25 %, Co = 5 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 1 1 )  :
Ls LIQUID2: LIQUID M23C63s LIQUID FCC.fi1 M23C64: LIQUID FCC filM23C6 M6C5s LIQUID FCC.HI M23C6 M6C M7C36s LIQUID FCC fil MSC M7C37: LIQUID FCClfll M6C M7C3 MC.SHP8 s LIQUID FCC fil M7C3 MC SHP
Figure A2.24 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 2.5 %, Cr = 20 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 1 4 )
1: LIQUID2: LIQUID MSC3s LIQUID M23C6 MSC4: LIQUID FCC 01 M23C6 MSC5s LIQUID FCC_fll M23C6 MSC M7C36s LIQUID FCC_01 M6C M7C37; LIQUID FCClAl M6C M7C3 MC_SHP8s LIQUID FCC 01 M7C3 MC SHP
Figure A 2.25 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  2.5 %, Cr =  20 %, W = 20 %, Co =  5 %, Fe = balance
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 1 6 )  :
LIQUID LIQUID MSC LIQUID MSC I17C3 LIQUID M23C6 MSC M7C3 LIQUID M23C6 MSC LIQUID FCC 01 M23C6 M6C LIQUID FCClAl M23C6 M6C M7C3 LIQUID FCC Al M6C M7C3 LIQUID FCC~A1 MSC M7C3 MC_SHP LIQUID FCC_A1 M7C3 MC_SHP
Figure A2.26 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 2.5 %, Cr = 20 %, W  = 25 %, Co = 5 %, Fe = balance
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 2 4 )
L s LIQUID2: LIQUID M7C33: LIQUID FCC_A1 M7C34: LIQUID FCC Al M6C M7C35s LIQUID FCC.Al M6C M7C3 MC_SHP6s LIQUID FCC Al M7C3 MC SHP
Figure A 2.27 -  Temperature versus m ole fraction o f  solid -  for alloy chem ical 
com position (wt. %): C = 3 %, Cr =  20 %, W = 15 %, Co =  5 %, Fe = balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 2 7 )
Is LIQUID2: LIQUID M7C33s LIQUID M6C M7C34: LIQUID FCC Al M6C M7C35s LIQUID FCC.fll M6C M7C3 MC_5HP6s LIQUID FCC Al M7C3 MC SHP
Figure A2.28 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3 %, Cr = 20 %, W  = 20 %, Co = 5 %, Fe = balance
167
APPENDICES KYRIAKOS KAM BAK AS
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 3 0 )  :
Is LIQUID2: LIQUID MSC3s LIQUID M6C H7C34: LIQUID FCC fil MSC M7C35s LIQUID FCC.Rl M6C M7C3 MC_5HP6s LIQUID FCC 01 M7C3 MC_SHP
Figure A 2.29 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  3 %, Cr =  20 %, W = 25 %, Co =  5 %, Fe = balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 7 : 1 5 . 3 3 )  :
Is LIQUID2: LIQUID M7C33s LIQUID FCC.Rl M7C34: LIQUID FCC fil MSC M7C35s LIQUID FCC.fil M6C M7C3 MC_SHPSs LIQUID FCC fil M7C3 MC_SHP
Figure A2.30 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3.5 %, Cr = 20 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CRLC (2005.09.27:15.36) :
LIQUIDLIQUID M7C3LIQUID MSC M7C3LIQUID FCC 01 MSC M7C3LIQUID FCC.fll M6C M7C3 MC_SHPLIQUID FCC 01 M7C3 MC SHP
Figure A2.31 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  3.5 %, Cr = 20 %, W = 20 %, Co = 5 %, Fe =  balance
THERMO-CRLC (2005.09.27:15.39)
L: LIQUID2: LIQUID M7C33s LIQUID M6C M7C34: LIQUID FCC 01 MSC M7C35s LIQUID FCC.fll MSC M7C3 MC_5HPSs LIQUID FCC 01 M7C3 MC SHP
Figure A2.32 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3.5 %, Cr = 20 %, W  = 25 %, Co = 5 %, Fe = balance
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 1 0 . 5 3 )
l: LIQUID2: LIQUID M7C33: LIQUID FCC.Al M7C34: LIQUID FCC Al M6C M7C35s LIQUID FCC.Al M&C M7C3 MC_5HP6s LIQUID FCC Al M7C3 MC SHP7: LIQUID CEMENTITE FCC_A1 M7C3 MC_SHP8s LIQUID CEMENTITE FCC Pl. MC SHP
Figure A 2.33 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 4 %, Cr =  20 %, W = 15 %, Co = 5 %, Fe =  balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 0 3 )
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Figure A2.34 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 4 %, Cr = 20 %, W  = 20 %, Co = 5 %, Fe = balance
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THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 0 7 )
1400
0 . 2  0 . 4  0 . 6  0 . 8
Mole  F r a c t i o n  o f  S o l i d
LIQUIDLIQUID MC SHPLIQUID M7C3 MC_5HPLIQUID M6C M7C3 MC SHPLIQUID MSC M7C3LIQUID FCC RI M6C M7C3LIQUID FCClRl M6C M7C3 MC_SHPLIQUID FCC fil M7C3 MC_SHPLIQUID CEMENTITE FCC At M7C3 MC_SHPLIQUID CEMENTITE FCC_A1 MC_SHP
Figure A2.35 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  4 %, Cr =  20 %, W = 25 %, Co = 5 %, Fe = balance
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 4 1 )  :
Is LIQUID 2: LIQUID MC_SHP 3s LIQUID M7C3 MC_SHP 4: LIQUID M7C35s LIQUID FCC.Al M7C3 MC_SHP 6s LIQUID CEMENTITE FCC_A1 M7C3 MC_SHP 7: LIQUID CEMENTITE FCC_A1 MC.SHP
Figure A2.36 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 6 %, Cr = 20 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 2 7 )
t! LIQUID 2: LIQUID MC_SHP 3: LIQUID M7C3 MC_5HP 4: LIQUID M7C35: LIQUID FCC.fll M7C3 MC_SHP 6: LIQUID CEMENTITE FCC_PL M7C3 MC SHP 7: LIQUID CEMENTITE FCC_AL MC.SHP "
Figure A 2.37 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  6 %, Cr =  20 %, W = 20 %, Co = 5 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 3 8 )
Is LIQUID 2: LIQUID MC_SHP 3s LIQUID M7C3 MC_SHP 4: LIQUID M7C35s LIQUID FCC.fil M7C3 MC_5HP 6s LIQUID CEMENTITE FCC_fiL M7C3 MC_SHP 7: LIQUID CEMENTITE FCC_A1 MC.SHP
Figure A2.38 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 6 %, Cr = 20 %, W  = 25 %, Co = 5 %, Fe = balance
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THERMO-CALC (2005.09.28:11.44) :
Is2: LIQUIDLIQUID M23C6 LIQUID FCC.Pl MZ3C6 LIQUID FCC_A1 M23C6 M6C LIQUID FCC.fll M23C6 M6C M7C3 LIQUID FCC 01 M6C M7C3
Figure A 2.39 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  2.5 %, Cr = 27 %, W = 15 %, Co = 5 %, Fe = balance
THERMO-CALC (2005.09.28:11.47) :
Ls LIQUID2: LIQUID M23C63s LIQUID M23C6 M6C4: LIQUID FCC 01 M23C6 M6C5s LIQUID FCC_R1 M23C6 M6C M7C36s LIQUID FCC 01 M6C M7C3
Figure A2.40 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 2.5 %, Cr = 27 %, W  = 20 %, Co = 5 %, Fe = balance
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THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 5 0 )
Is LIQUID2: LIQUID M6C3s LIQUID M23C6 M6C4: LIQUID FCC fil M23C6 M6C5s LIQUID FCC.fll M23C6 M6C I17C36s LIQUID FCC fil M6C M7C3
Figure A2.41 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  2.5 %, Cr =  27 %, W = 25 %, Co =  5 %, Fe =  balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 5 3 )  :
Is LIQUID 2: LIQUID M7C3 3s LIQUID M23C6 M7C3 4: LIQUID M23C6 5s LIQUID FCC.fil MZ3C6 6s LIQUID FCC fil M23C6 M6C 7: LIQUID FCClfll M23C6 M6C M7C3 8s LIQUID FCC fil M6C M7C3 9: LIQUID FCC~fil M6C M7C3 MC SHP 10s LIQUID FCC.fil M7C3 MC_SHP~
Figure A2.42 - Temperature versus mole fraction of solid — for alloy chemical
composition (wt. %): C = 3 %, Cr = 27 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 8 : 1 1 . 5 8 )  :
LIQUIDLIQUID M7C3LIQUID MZ3C6 M7C3LIQUID M23C6LIQUID MZ3C6 M6CLIQUID FCC fll M23CS MSCLIQUID FCClfll M23C6 M6C M7C3LIQUID FCC RI MSC M7C3LIQUID FCC~fil MSC M7C3 MC_SHPLIQUID FCC_R1 M7C3 MC_SHP
0 . 2  0 . 4  0 . 6  0 . 8
Mole  F r a c t i o n  o f  S o l i d
(a)
THERMO-CRLC ( 2 0 0 5 . 0 9 . 2 8 : 1 2 . 0 4 )  :
(b)
Figure A2.43 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 3 %, Cr =  27 %, W = 20 %, Co =  5 %, Fe =  balance. The 
area that is surrounded by a red circle on diagram (a) shown in higher magnification  
on diagram (b).
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 1 2 . 0 9 )  :
1180
HCP 03HCP.03 M7C3HCP 03 M23C6 M7C3HCP.03 MZ3C6M23C6M23C6 M6CFCC 01 M23C6 M6CFCC~fll M23C6 M6C M7CBFCC_01 M6C M7C3FCC 01 HCP 03 MfiC M7C3FCClfll HCP_A3 M7C3
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Figure A 2.44 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 3 %, Cr =  27 %, W  = 25 %, Co = 5 %, Fe =  balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 1 3 . 0 5 )
LIQUIDLIQUID M7C3LIQUID MZ3C6 M7C3LIQUID M23C6LIQUID FCC.fil MZ3C6LIQUID FCC 01 M23C6 M6CLIQUID FCClfll M23C6 M6C M7C3LIQUID FCC 01 M6C M7C3LIQUID FCC-fll M6C M7C3 MC_SHPLIQUID FCC_01 M7C3 MC_5HP
Figure A2.45 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3.5 %, Cr = 27 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CRLC (2005.09.28:13.08) :
L: LIQUID 2: LIQUID M7C3 3: LIQUID MSC M7C3 4: LIQUID M23C6 M6C M7C3 5s LIQUID M23C6 MSC Ss LIQUID FCC 01 MZ3C6 M6C 7: LIQUID FCClOl M23C6 M6C I17C3 8s LIQUID FCC 01 M6C M7C3 9: LIQUID FCC-01 MSC M7C3 MC_SHP 10S LIQUID FCC_01 M7C3 MC_SHP
Figure A 2.46 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 3.5 %, Cr = 27 %, W = 20 %, Co = 5 %, Fe = balance
THERMO-CRLC (2005.09.28:13.12)
Is LIQUID 2: LIQUID M7C3 3s LIQUID M6C M7C3 4: LIQUID M23C6 MSC M7C3 5s LIQUID MZ3C6 M6C 6s LIQUID FCC_fll M23C6 MSC 7: LIQUID FCClfll M23C6 M6C M7C3 8s LIQUID FCC 01 MSC M7C3 9: LIQUID FCC~01 MSC M7C3 MC_SHP 10s LIQUID FCC_01 M7C3 MC_SHP
Figure A2.47 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 3.5 %, Cr = 27 %, W  = 25 %, Co = 5 %, Fe = balance
177
APPENDICES KYRIAKOS KAM BAK AS
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 7 . 3 3 )  :
I: LIQUID2: LIQUID M7C33: LIQUID FCC.fil M7C34: LIQUID FCC fil M6C M7C35s LIQUID FCC.fll M6C M7C3 MC_SHP6s LIQUID FCC fil M7C3 MC SHP
Figure A 2.48 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C = 4 %, Cr =  27 %, W = 15 %, Co = 5 %, Fe = balance
THERMO-CflLC ( 2 0 0 5 . 0 9 . 2 8 : 1 7 . 3 6 )  :
Figure A2.49 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 4 %, Cr = 27 %, W  = 20 %, Co = 5 %, Fe = balance
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THERMO-CflLC (2005.09.28:17.40) :
Is LIQUID2: LIQUID M7C33s LIQUID M6C M7C34: LIQUID FCC fil MSC M7C35s LIQUID FCC.fll M6C M7C3 MC_5HP6s LIQUID FCC fil M7C3 MC SHP
Figure A 2.50 -  Temperature versus m ole fraction o f  solid — for alloy chemical 
com position (wt. %): C = 4 %, Cr = 27 %, W = 25 %, Co = 5 %, Fe =  balance
THERMO-CflLC (2005.09.28:17.43) :
Figure A2.51 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 6 %, Cr = 27 %, W  = 15 %, Co = 5 %, Fe = balance
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THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 1 7 . 4 9 )  :
Ls LIQUID 2: LIQUID MC_SHP 3: LIQUID M7C3 MC.SHP 4: LIQUID M7C35: LIQUID BCC_R2 M7C3 MC_SHP6: LIQUID BCC 02 CEMENTITE M7C3 MC_SHP7: LIQUID BCClflS CEMENTITE MC_SHP
Figure A 2.52 -  Temperature versus m ole fraction o f  solid -  for alloy chemical 
com position (wt. %): C =  6 %, Cr =  27 %, W = 20 %, Co = 5 %, Fe =  balance
THERMO-CALC ( 2 0 0 5 . 0 9 . 2 8 : 2 0 . 2 9 )
1700
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1.0
Figure A2.53 - Temperature versus mole fraction of solid - for alloy chemical
composition (wt. %): C = 6 %, Cr = 27 %, W  = 25 %, Co = 5 %, Fe = balance
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Appendix A3 - Macro and Micrographs of the Wear Groove: P O D  
Test
Figure A3.1 -  Wear surfaces o f  sam ples (a) 1 and (b) lb
i f ■
V
Figure A3.2 - Wear surfaces of samples (a) lq and (b) lqb
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(a) (b)
Figure A3.4 - Wear surfaces of samples (a) 3 and (b) 3q
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(a) (b)
Figure A3 .6 - Wear surfaces of samples (a) 5 and (b) 5b
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(a) (b)
Figure A3 .8 - Wear surfaces of samples (a) 6 and (b) 6q
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Figure A3.10 - Wear surfaces of samples (a) 8 and (b) 8q
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A.3.2 Micrographs
Eutectic
carbides
Primary 
W  
carbides 
(RZ 2)
Primary 
W  
carbides 
(RZ 2)
Figure A3.11 - Wear Track in Sample 1: (a) and (b) Primary and eutectic carbides of
reaction zone 2 and 3
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(a)
Eutectic
Cr
carbides
(b)
Figure A3.12 - Wear Track in Sample lb: (a) The wear groove and (b) eutectic Cr
carbides of the 15 %  Cr-Mo-LC WCI matrix
m m *
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Primary 
needle-like 
Cr carbides
(RZ3) ^
carbides 
(RZ 2)
(a)
Eutectic
carbides
(b)
Figure A3.13 - Wear Track in Sample lq: (a) and (b) Primary and eutectic carbides of
RZ 2 and 3. The red box in (a) indicates that there is a higher magnification of the
specific area, that shown in (b).
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Eutectic
Cr
carbides
(b)
Figure A3.14 - Wear Track in Sample lqb: (a) The wear groove and (b) eutectic Cr
carbides of the 15 %  Cr-Mo-LC WCI matrix. The red box in (a) indicates that there is
a higher magnification of the specific area, that shown in (b).
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Primary
W
carbides
(RZ 2)
Figure A 3.15 -  Wear Track in Sample 2: Primary carbides o f  RZ 2
Primary 
needle-like 
Cr carbides
(RZ 3)
Figure A3.16 - Wear Track in Sample 2q: Primary and eutectic carbides of RZ 3
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Primary 
W 
carbides 
(RZ 2)
(a)
Primary 
Cr 
carbides 
(RZ 3)
(b)
Figure A3.17 -  Wear Track in Sample 3: (a) and (b) Primary and eutectic carbides of
RZ 2 and 3
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Casting
defect
(a)
Eutectic
carbides
(b)
Figure A3.18 - Wear Track in Sample 3q: (a) The wear groove route passing through
an un-dissolved W C  particle and (b) shows in higher magnification the eutectic and
primary carbide phases of RZ 3
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Primary 
W 
carbides 
(RZ 2)
(a)
Figure A3.19 - Wear Track in Sample 3q: (a) and (b) Different degree of wear
between reaction region and un-dissolved W C  particle. The red box in (a) indicates
that there is a higher magnification of the specific area, that shown in (b).
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Figure A 3.20 -  Wear Track in Sample 3q: The area o f  an un-dissolved WC particle. 
The left hand side shows the part o f  the WC particle that caught in the wear track area
Eutectic
carbides
Figure A3.21 - Wear Track in Sample 4: Eutectic carbide phases
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(a)
Eutectic
W
carbides
Primary
W
carbides
(b)
Figure A3.22 - Wear Track in Sample 4q: (a) The wear groove and (b) shows primary
W  carbides of RZ 2 and their affinity with the eutectic W  carbides in RZ 3 (red circle)
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Reactionregion Un-dissolved WC region
(a)
(b)
Figure A3.23 — W ear Track in Sample 4q: (a) Different degrees o f  wear in the wear
groove between reaction region and un-dissolved WC particle (red circles) and (b)
wear groove passing through an un-dissolved WC particle
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Primary Cr carbides (RZ 3)
(a)
Primary' W carbides (RZ 2)
(b)
Figure A3.24 -  W ear Track in Sample 5: (a) The wear groove and (b) Primary
carbides o f  RZ 2 and 3
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(a)
EutecticCrcarbides
(b)
Figure A3.25 -  W ear Track in Sample 5b: (a) The wear groove and (b) eutectic Cr
carbides o f the 20 % Cr-Mo-LC WCI matrix
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Castingdefects
Primarycarbides
Figure A3.26 - Wear Track in Sample 5q: Primary carbide phases of the reaction 
region
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(a)
Eutecticcarbides
(b)
Figure A3.27 — W ear Track in Sample 5qb: (a) The wear groove and (b) eutectic Cr
carbides o f  the 20 % Cr-M o-LC WCI m atrix
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Eutecticcarbides
Figure A3.28 — Wear Track in Sample 6: Eutectic carbides
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Primary needle-like Cr carbides (RZ 3)
(a)
Primaryangularcarbides
(b)
Figure A3.29 -  W ear Track in Sample 6q: (a) and (b) Primary carbides o f  RZ 3
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Primary . W carbides(RZ 2)
(a)
Primary needle-like Cr carbides
(RZ 3)
(b)
Figure A3.30 -  W ear Track in Sample 7: (a) and (b) Primary W and Cr carbides o f
RZ 2 and 3
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Un-dissolved
WC
Reaction ’ region
Un-dissolved
WC
(a)
Un-dissolved
WC
(b)
Figure A3.31 -  W ear Track in Sample 7q: (a) and (b) Shows different degrees o f wear
between un-dissolved WC particle and reaction region
Un-dissolved
WC
Reaction " region
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Primary
carbides
Figure A3.32 - Wear Track in Sample 8: Primary carbides of RZ 3
Eutecticcarbides
Figure A3.33 -  W ear Track in Sample 8q: Eutectic carbides o f RZ 3
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A p p e n d ix  A 4 -  P h o to g ra p h s  A rc h iv e  
A .4.1 P re -C a s tin g  P ro cesses
(a) (b)
Figure A4.1 - Pattern making (a) gluing the rods on the cubic patterns and (b) 
polystyrene foam cubic patterns and wooden sprue and channel
Drawers Flowstranglers WC particles
(a) (b)
Figure A4.2 - Drag flask (a) with drawers attached (b) with WC particles placed on 
drawers
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Flaskguides
(a)
Observation orificeExothermic pads Entrance Risers
(b) (c)
Figure A4.3 - (a) Drag flasks with attached slopping drawers (b) Exothermic pads 
moulded at the bottom of the cavity and (c) Closed flasks ready for casting
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A .4.2  S eg m en t o f  p u lv e r is e r  B a n k
Dualcastingmark
(b)
Figure A4.4 - Segments after usage: (a) Segment of high Cr WCI standard material 
and (b) segment made of the new PRMMC
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Figure A4.5 - Segment of the standard high Cr WCI material before usage
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A p p e n d ix  A 5 -  E n g in e e r in g  D ra w in g : S eg m en t o f  P u lv e r is e r  B a n k
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